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ABSTRACT

This report preswnta the state of the art of the effects of nuclear radiation on
elastomeric and plastic components and mnaterik1. frotm 1947 to the present. As such,
it superoadea the fn]lo-wing RFIC docurents: Reports 3, 3A, 3-.ZA' 9, Knd 13, and
Memoravidunms 1. 3, 8, 15, and 17.

The mechani.sm of radiation datnago and the effect'( ,f radiation in various en-
vironments are briefly discussed. Data suhfllmarizing the r;diation-effects information
on specific cnmpnonent, end ox' the various t ~p.:s of elastovnexs mid plastica are pre-
sented in detail. Aream in which additional wurk is nti•idt.d are indicated. iad,4i,,,L
polyrnaerizat:,'n or vulcanization are in hcled o Ui].• if the diata ha.it Im haring oit radiatiun
effects an th, finished polymor,

This report in intended to be sufficiwitly IiikVIuiivi to litailW it: vaLuLtIUU!ý ak a rufti i-
erica guide on the effects which can he antiCiltnted froin nucluar ritn6imhozn o.m 1', ooslomulric
and plastic r:umponento and mnattrialo.
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THlE EFFIiEC.T OF' NUIJCLEAR RADIATION ON IILASTC)MERJC
AND eLAST1C COMPONENTS AND MATERIALS

SUMMARY AND CONCLUSIONS

Organic materials are susceptible to damage from all types of nuclear raidiation.
Cons#,quently, plastics and particularly elastomers, present serious problems in con-
nection with the development of components and aystenis for nuclear- powered vehicles.
In addition to being susceptible to dam-age by radiation, many of these rubber and plastic
materials are adversely affected by environmental condition6, such as extreme tern-
peratures (- 100 to +500 F), vacuum, oxidizing atmospheres (ozone), and various types
of fuels, lubricants, and hydraulic fluids. Although there are a numbcr of organic
materials which have radiation r'sJ stance in the range required, they are not u;seful in
the construction ol many components and systems because they are lacking in some
other needud property. For example, polystyrene has very good radintion resistance
but low strength and heat resistance. Tharofore, the major problem iu tu develop
materials which will resist radiation and which are also satisfactory in the environ-
ments mentioned abovo. Critical areas are: (1) seale and gaskets, (2) hoses, (3) elec-
trical insulation, (4) trainsparencies and optical goods, (5) structural units, and
(6) adbeuives,

At tho present timne, the emphanis on radiation- effects Aitudies in plastico and
Cla t'tornlrs is twofold. First, there ito an Increase in the dynamnic tooting o.( materials
i-a combined environment:., such as irradiation, at elevated temipertturnfi in air and in
fluidji.l Iii thiu connection, data ar-3 becoming availahlo on the testing of comyponemnts

jitd systems under the environrnient4 conditione in which they an~y be expected to oper-
ate. However, resultm aire incomplete because teat equipment for varying onviron-
mental conditions is difficult to designi and It is extremely, di~ffiult to determine rnachan-
iral avid pliyvical propoi 'a of tvamples whilo they are being Irradiatted. Secundiv,
fundumnental wtudies are being directed toward the developisient of new and isnprt ad
tasting miethods and radiation-, resistant poiymers. The activities in these two areas
should result in better materiala for applications in nu clea r- radiatLion environment,.

Another major problerm at present is to determine the effe~cts of radiation and
vacuura on the characteristics of polymeric materials, iaforaitiaton currently Is
fimited, Gassing and sublimation inay be serious probleims In A romibined environ-

mient such as that found In outet' npice.

Most of the clamitomers have been evaluated an comporient partn of a system,
Ti res, insulaticn, hoses, seals, and gaekets ha-vc been exposed to a radiation field. In
natural- ruL.1ber aircraft tir,ýs, other components, such as the r-oid, were found to be af-
feteCld tnoore se rim~isi y than the rubber, Natural-rubber aircraft tire s containing anti-
riad Lidve ;c'en C:<Posea- to 8. 4 X i()' ergs g- I(C) and found uerviceabic for two or more
laind ings a fte r irradiation. Tire cords appear to bc the weak 3pot, Da croin the monst

r aliatjon c i Lnafiber found for tbhis app~li cation , bUt good adhesion to irubbe r ii3



diffi cult to obtain. Seals and gaskets have been found to have g reate r re~sistance whvlicr
im-inered in oil and, as a result, seals of Viton A, silicone , or, nitrile rulhbe are now
believed capable of sc rvice to an exposurp dose of 10-J) ergs g- I G) , wim :eas , on the
basis of static tests in air, an exposure dose of 108 ergs g- 1 (C) hato been considered
maximnum. On the other hand , elastomners irradlitfed %-hiie under stress have less
refsistance to radiation than umistressed specimens.

Oil-resistant, nitrile-rubber 0-ringe are a-,ailable which can be used to 1010 ergs
9- 1 (C). Although this value is somewhat higher than thone reported previously, it does
not represent an increase in radiation stability, but shows that the 0-rings maintain a
sea~l after physical properties have been degraded by irradilati.,n. Viton A and Elasto-
mer 214 0-rings (both copolymeirs of hexafluoropro ylen.a and vinylidene fluoride) retain
rubberlike properties when exposed to i1010 ergs g'ý(C) in diester fluid at 400 F. How-
ever, when these elastomers are irradiated at 400 F, hydrogen fluoride is evolved,
creating a corrosion problern. Electrical insulation consisting of glatio-micA tape ikrn-
preg nated w'ith silicone resins has satisfactorily withstood an exposure of
10 11 ergs -I()

Seale, (jokcto, sealants, and hoses have been exposed to combined envirotakilmrits
irk systems and cornponkent tooting under anticipated envirent.rental conditions and h~vo
frequently ithown better service characteristics than were anticipated from static data.
At elevated temrparaturem, heat effects appear to be more serious than radiation effects.
The lo~wering~ of terasiic strength with temperature Is often greater than that cautied by
higha radiation exposurcuw, In moat cases, heat arid radiation effects are not additive;
for many materials tho total effact is leos than the iouirk of the comk-bined onvironmnents.
In the case of elongation, where che efitect of temperature is not great, rndiation do-
gradation appoiarm to be the more finportant factor,

fladiatiur&-dalkiage t~hA'alliolds of several plarstic Isi ilnates have boen determined at
ruum temparature. Pheonolic laminates retained mnechanical proper ties better than such
laminates am pulyewturs, oiliconon', and epoxies when irradiated. TheO latter throe ty~pes
of nIninirAtes reached throahold -dkmage lovela before an exposure dome of 8. 3 x 10 1,
urgN g- (C), beut phwiulic lamrinat,, rotained useful properties beyond this exposure
doze. Aloo, for owuco of the landonatov, radiation resistance at high tomporaturot
(500 F) hus been (1nvestigatod. Phenolic and epoxy lamninates showed excuptionally good
radiation stability at tuozomoratnieu oip to 5OiJ F. It was found that fltoxtral strength
of phenolic laminatea for wspecinierns Irradiated at 500 F and 4. 2 x IC 9 orka g- I (C) wako
twice ai. good a" that fur spucimeons aged at 500 Y without irradiation. Compressive
iAtrength of hoat- resistant epoxy laminatem irradiated at 500 F and 8. 3 x 109 ergs g- IC
wag higher than that of specinmbn aged ait 500 F without irradiation. Phenolic laminatesj
have shown no greater decrease in strength due to irradiation whan exposed to gamm-a
irradii.tion at a temrperature of 900 F than when oexposaed to the samne temperature with
no irradiation.

Prevent information regarding radiation stability of adhesives is available Only
for those adhesives developed Afor structural applications in aircraft and mnissile,-% Ir-
radiation studies on phenolic- epoxy, vinyl-phnnolir, ntylon- pheonrlic, upoxy, and nitrile
rUbbcr-phenmolic types of o'dhesives, using neutron, clectron, and irairmai riAdiati
dicated that each type of radiation caused simnilar damnage at sirnilAl dosages. In
general, it was found that adhesives developed for high-tLem pe ratu re use, such as the
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phenolic- epoxy types, have better resistance to radiation compared with tMermoplastic
and general-purpose types. Phenolic-epoxy adhesives, such as Shell 422J and Narmcrt
Z5-1 have excelient radiation stability at room tem-tperature. They retain x useful strength
properties to a radiation-exposure dose of 1011 ergs g-1 (C). For elevated tempera-
tures (to 500 F), Adhesive 422J appeared [:o be the beat adhesive tested. It retained
good shear strength when tested at 500 F after being exposed at room temperature to a
radiation dose of 8. 1 x 1010 ergs g-! (C). A vinyl-phenolic adhesive on a glass carrier,
FM-47, and a modified nylon-phenolic adhesive, Cycleweld C-6, retained good shear
strength at 101 1 ergs g- 1 (C). Most epoxy and nitrile rubber-phenolic adhesives show
good adhesion at room temperature to 5 x 1010 ergs g- I (C), Neoprene-phenolic ad-
hesives appear to be useful to 1010 ergs g-I (C). The rubber-phenolic adhesives are
generally more flexible than the phenolic-epoxy type, but the bonded areas tend to creep
under shear stress.

In general, a filler improves the radiation stability of an adhesive, although in
some cabes at a sacrifice of the over-all sheer strength. The curing agent and reactive
diluent used in epoxy adhesives will also influence the radiatic stability of the adhesive.
Aromatic curing agents generally produce more radiation-resistant compositions than
do the aliphatic curing agents.

The maximum variation dose& to which various components can be exposed and
still retain useful properties are shown graphically in Figure 1.

Elastomers

On the basis of current data, the most radiation-resistant elastomers are poly-
urethanes, adduct rubbers (dione olastomers in which the unsaturation is reduced by
treating with nn alkyl mercaptan), and natural rubber. The polyurethane elastomere
roxy be .sed for dynamic applications up to exposure doses in the range of
1, 7 x I0 ergs g- I (C), and fhr static applicationv, up to 4. 4 x I011 er gs g- 1 (C).
However, radiation stability may be lower if moisture is present, since polyurethane
clastomers are sensitive to water. The adduct rubbers possmess some strength and
flexibility at an exposure dose of 8. 7 x 1010 orgs g- (C). For dynamic applications
they should be satisfactory to an exposure of approximately 1 to 2 x 1010 ei'gs g- I (C).
Natural rubber, although possessing a fair amount of flexibility at 8. 7 g 1010 ers-
S- (C), can be considered as having an exposure limit of 4 x 1010 ergs g- (C) for
static operations and 5 x 0orgs g- I (C) for dy-namic operations. Natural rubber and
GR-S have life expectancies of about 00 hours when exposed in radiation fields of about
107 ergs g- (C) in the absence of sir. In general, mobt elastomers increase in hard-
neSS whun irradiated. Butyl and Thiokol rubbers, however, soften and become liquid
with high radiation doses. The relative radiation resistances of the various elastoners
are shown graphically in Figure 2.

Elastomers irradiatnd and tested at a slightly elevated temperature (158 F) have
illustrated the importance of teoling materials at operating temperatures. In general,
heat and radiation effects are not additive for elastomers. In most cases, the combined
effects were less than the additive effects,

Elastom-trs generally acquire a high compression uet when irradiated at elevated
temperatures while they are compressed. Or the other hand, if they are irradiated
while relaxed, compression set ordinarily is less than the initial value. It is believed
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1Wa this difference is due to the fact. that. crosaslin-king of anl cia stoner iti the Comp re.'5sed

sta te will' tentd to set the rubber no z-niaiently in the strained condition, whe reas., when
the r'ibbe r is ir radiated in an lunstressed condition, the cros slinking resnu.ts in- a rnorec
rigid structure which tends to resiist subsequent rotrpression set.

The presently available rubl-bers for use above 300 F do not have gocdA radiation-
resistant properties. Silicones and fluorine-based polym-ers, the best ternperature-
r.asistant rubbers, are below ave2rage in radiation resistance. Nitrile r~bber; and to a
leaser extent, neoprene rubbers, are being used for eadiation, applications at temperp-
tures below 300 F.

It has been found that the radiation resistance of an elastomer is dependent on the
composition of the compound, I. e. , typie of curing agents, antioxidaints, fillers, and
other additives utilized in their preparstion, and to the processing and curing conditlonts.
Filler- loaded elastomers are more resistant to radiatiun .,hall the pure gum Mtock; car-
bon black appears to be the beat filler for improving a compound's radiation resistanctz,
Curing conditions are also important; Indications are that It is beat to have tile rubber
compound slightly undercured.

Alihough theae factors Influence the radiation stabiliiy of elasutrners, rniprove-
ment by a factor of 2 to 10 can be realized only thr'Dugh the use of certain protective
agents, such as amninex ;4ne phenols, which havec bcon given thia narme uf uzitirads. These
materials often have antiox~idant propertied. Thm best material found thue far, is N, N'-
cyclohaxylphonyl-yi-phonylenedlacimiaie. At a radiation dlose of 108 ergo g- (C), it has
increased the life of natural rubber more than tenfold. Antirada are, however, speclifi
in thal. soma are moure d.Thetive with one type uf polymrer thark with another. Theroe ill
still u need foir anktiradu that would be effective with Vitun A vlastomtier. Tlests it) which
Over 100 Matel-ials were evaluated as p)otential antirada showed that thie belit roisults are
ul'talrmuid if the antitrad is utilizod in corrnblmiatioii with the commonly used ahtloxicbmi.,
phon y I be tim nImphth ylamadmic.

In gencri-a , pl.'i tichs iort c-q'mal or superior to als storm-iara ill radiatioo resis tancom
but arc infi.-ror ill thivr rusistAnce Lo metals and cera-rnie-u. Arnony, the plxsieCic, the
rigid typett are the mnore radiation- resistant materials.

At present, the matuviials whi ch will operate satisfactorily Ill the rangec of
1010 to 1011 ergo g- I (G) are glass--fiber- and atobentos-filled phenolics, certain epoxy
sytittitnis, polyurethane, polyityrene, mineral-filled polyest~er, mineral-filled siliccnea,
U,1 '*;III(-,- typ refaills, and p)olyvjinyl ca nba zole, The next besat materials, tiatlefacto ry inl
the range of 109 to 1010( ergo g- (C) , include polyethylene, rnelatnine- , urea- , aod
aniline- ftiryialdehyde rc-sins, unfilled phenolic resins, and silicone rcsins, Of thle
latter , urea- fo irmaldehayde with cellulosts. pulp a.o filler i'a about. av- rage in radiation
s tilthi lit y.

Methyl methacrylato and unfilled polyesters have relatively peor radiatiorm stability
asa comnpa red wvith other pla ,4ti e a. Howevye r, compa red with cia stome-n ts, they are a bout
u-clua to S1l R , onle of thc mu ic radfiatioitL-resistant synthe tic rubble rs Mate rial s ha vingi
poor radiation s ta bility inrclude- the ( eilu losi ca , Polyamoides , and V eflon,



7

The relative radiation resist.noes o f the tihcrmous(c ting and thernioplastic resins
are shown graphically in Figures 3 and 4, respectiv e.1V.

Difficulties are experienced with fluorine- containing mnaterials, such as Teflon,
Kel-F, or PVC in a radi.tion environmont, due Lo degradation of phyclcal properties
and to the liberation of halogen or halogen acid which have corrosive effectts on adjacent
components. This occurs at approximately 106 ergs g-1 (C) for Teflon, 108 ergs g- 1 (C)
!or KelI.-F, and 109 erg. g I (CG for PVC, Giassing of most plastics is anothour problem
in enclosed or poorly ventilated systems.

Several rnethods of improving the radiation resistance of plastics have been inves-
tigated. These are the addition of mineral fillers, ceramic fibers, and organic addi-
tives. Mineral fillers and reramic fibers improve the radiat-on reoistance of most
plastic a. The improvement may be the result of the formation of more rigid structures
or may be dui to the absorption of a portion of the radiation energy by the filler. Little
success has been achieved with organic , ,iitillatorr except with 2, 5-diphenyloxazole,
which was found to improve the radiaton resistance of an epoxy adhesive by a factor of
four,

Re commendationo

Additionul information on radlatlon reoistan¢c of polymers im neetidd in thr
following areas'

1) More dat, arL ive idd oit wevvice life of componentuo such as seailij,
Nealanto, lanilnates s aitd adhetives under high vacuuni, beitt, and
radiatitUn,

(4) 'The offacta of radiation at high temupvratures and mxtrvliely low
(cryugenic) tWaiperatur'me. The need for olaxtorziers and plasthu :ou
uoe at thume Lvtilpo*raturtio becomsc mnort Acute with the devolopmront
of space vehicles. Littlu io known uf how miaterials will fuiicton
under radiatLun Lt high and extreiiely low temperatures, Some
progre.r has been n'ad' In the design of mich polymers, but none
arUP, tiN yot, Evailatlc for uce above 7150 IF,

(3) D;ata are need.Ad oi the cumObinpl effects of r,3diaxtion and vau:cuun
on polyinenrc materials,

(4) Methods for predicting life of polymers in a radiation field arti
needed.

(5) Ad:hitio>ndl info• nation on the inethanism of radiation damnage on
polymers that will be helpfii in de signing radiatiomi- and hleat-
r esiitant t t :)lynw 'itc syutown. To develop siuch sypitemi a, grvixter
vIlj)hOasis ,ahot( Id h placed on m-no re -tiablvl moIth ukIlar truc t:tur(r8 or

Ltrutt.-rcs hiving the .hbility to.( c( nv(vrt absorbh il rt i;11it11, energy to
,,he fio t ', .1 -n' rgy whi h may I (- diaosiplttd with little o"r 1.0o fla -
• to t,, he. base •i t(tri.. At p't:islt, li'{!at;t1'( 11 b ', Iming directed
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FIGURE 3. RELATIVE RADIATION STAWILITY OF "TIIEKMOSETTING; RE•SINS
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toward resonatiug structures and the inclusion of ractiation

resistant organic groups and rvietals in the polyawitr chazin.
These studiez should be contitued at a high rate of effort:

since it appears that structures that are stable to heat may
also be stable to radiation.



INTRODUCTION

This repoi t presents the. state. of the art onl the efferts of nuclear radiation on
elastorneric and plastic materials, it is a cuiripilation ot the data published in past RETC
reports and, thurefore, supersedes tlhe following REFIC documients3: Reports 3, 3A, 3--
ZA, '), and 13, and Men-orandurna 1, 3, 8, 15, 'and 17 Included. are the data obtained
during the periLod Ap- J 30, , 960, through April 30, 196 1. Thus, this zreport summarizes
the availableo information on radiation effects on polymeric components and materials,

Mosjt of the earlier available data on radiation effects on rubber and plastic mate-
rials reprasanted studies on small, thin specimens subJected to~a variety of radiation
dosages and the physical p,,roperties of the specimeno after exposure. Only a relatively
small number of iitudies took into consideration exposure rate at-d samnple thickneits.
.Also, only a few, limited studies involved (1) operational data and (2) combined effects
of rajri~cion and other conditions such an temperature and atmosphere. Later inform-a-
tion indicated that operational data did not always correlate with exper'imental results.
In som-e canes, longer operation was experienced than that predicted from the experi-
mental data on polymers irradiated in air undeir static conditions.

Data for fabricated parts tested under dynamic tent conditions or under various
erivitontrionts, such as exposure at higher temperatures, expo sure in various thicknesses
in air, or expoeura whuile ;Immersed in oil or fuel, have become available. Included arc
the radiation stability of eod items, such ati tires, 0-rings, and plastic laminates under
various environmental 'on~ditions. Componients and systems have beeis tested under
anticipated environmoentel cunditionis. These studies give additional information on the
radiatioi, itability of rublber and plastic part&,

In addition to the (ukting of components and Pystemn-i, it greater emphasi, oni funda-
rnicuztal %..ork in nioted in tho rapo. to publishev.d (luring the pamt f~iw -1asra. Altnough thiv
typo of ruea51r4'h im oiseicimos ary for devoloping olantorine rm and plastics Laving hiiaprovoid
raudinLioni and teneperatLure sitability, it. will probably be nuini tinie boiforc such new And
hropruovd nIAdtu rialls will be available for eiigintering upp~itations. A section, indicatikkV
the fundamrental work ill progress haw bewi 1iicludud lot this report.

Hadiatioa-effecto information is available on a variety, of rubber and plastic inate-
eials. This Information is at times conflicting because workers have, kot used identical
conpo~iitiona and equivalenit radiation conditions inl their experimental studies, However,

it has bueln repor-ted that, in geneiral, elastronnra ari knot aH resistant ism inot plastics.
Elaistorners are resistant up to dose. of 108 ergs S- (C), while moost plastics are not
&ffected until 108 to 10 ergo g- (C), and some are not affucted by doveo of 1010 ergs
9g (C). The range of radiation doses at which various elastorners are changed by 25 per
c~ent is approximatelty 108 to 109 orgot g- (C). For plastics, this range variezi from
approxinmately 106 to 10 1 ergs g" (C).

Tables 1, 2, and 3 show the effect of radiation on some of the moore cornmonly
used elastomers and plastics. Theec tables list radiation doses at which (I) threshold
darnage occuris, i. e. , at least one physical property begins to change; and (Z) 25 per
cent darnage is accrued, i. e. , at least. one physical property is changed by 25 per cent.
Any deviatior from the original value, either an increase or a decreane, is considered
darnage. V r ,, t be recognized that all the physical properties of rubbers and plastics
do not.t hi~. -k he sarne degree and, consequent'ly, the re-lative order of Btahility m-ay
d iffer n' [io Li,,) ýe givell in- the tablesa, if the cotnpa rison is made on. the average c hanugeofin



TABLE 1. RELATIVE RADIATION RESISTANCE OF ELASTOMhRS

Radiation Dosage Radiation Dosage
Required for Required for

Threshold Damage, 25 Por Cent Damage,
Material erg8 g " (C) ergs g-l (c)

Polyurethaneo rubber' 8. 7 x k08 4. 3 x 109
Natural rubber 2 x 08 5, 0 x 109
Adduct rubborx3 4.2 x 108 "'. o0 x, 109
Styrome-butadiizne, STIR(GR-S) 2 wi. 108 1. 3 x 109
Vituit A 5 x 108 3. o 10
Poly F'3A 5 Kx 108 1 x 109
Gyanovilicoom rubber -- x 109
Vinyl ,•yrydinc cluatoiaoer 4 % 108 9 , 108
Acu'yln .'ile rusbhor 2 x lo8 7 x 108
Nitriht' rubbe r I x 108 7 x 108
Noopronc rubbur a x 10[ 5. 5 x 108
llyldion (chh-ruulfonattd po.,ly(¶thylullo) -- 4 x 108
KeI-F 3 x 108 6 x 10H
Sili:onu rubber I. "i x 108 4, Z x l0o'
Polyacrylic rubbtir 1 x 108 3. 3 x 108

lutyl rubber 2 x 108 4 x 108
P•,.l,/ilficic rubbor (Thiokol) 5 x. 10' 1. 5 x l0o

I



TAWU 2. RELATlIVE RAD!ATION RESISTANCE OF THERMOSETTING lIESINS

i'idlation DoSage R~adiation L.1csage
Rtqtihcd for Required for

Thre.hold D ;ilj~ge, 25 Per Cent Damoage,
Muterial eggs g

1  C ergi, g- (I ______________

phe&lols Radliat ion at high w iiperatvli Impro~tves prolpuct ic
L.jamiated. glass fibe~r >8. 3 UQ 1o
Aibx~stos filled 13, 11 x 11)s
U1ii1iltvd 7 x I0 I. 1 1; loll

Epaxy 1-5 x 10- 11.3 x 1011 IResb~,acII Ju dpenu odil to vrIng sysi tm I
isutcyiaiwe, foiliii SandwiJ~ch ,I x loll-

Lommuioaed, glitiii fI bci I Ill

[111iirI llo d 8f x l 0', I 9, x 101,1

MyhIr fillit 4. 1 x 100 H. xl 10i
AlIly) diglyt ii carhorialtl 1.1 x 101, lO1 Ol0~

S I lIh. tille
Lailiiig~IciJ, 1 ,Itil fih I lot,
Kieira1 bild 1 1 011
Illl Ii1t I x a o1

11t rlir.tl ROWii Ll x 101( 1 ;J J~ 0lul Asbttio mid calaItbo-liwk filk-d

Amm 11111Hsliil

mt!)ilaIiiiic.Jitrtuildci~ydc x. 1 0 ~ 7.3 x I

UriJ~ -ttrtiwildc.hiydv h. xt 10 S& I, a .

A11li it v -(ormaId ch yde 7.4 x 10* [ x 1091  unit for li uzii L iretkgll th oly:t uilir propetics are'

godto M 10 L'gs g" I(C



14

TABLE 3. RELATIVE RADIATION RESISTANCE OF THERMCPLASTIC, RESINS

Radiation Dosage Hadiati,-n Dosage
Required for Required for

Thresihold Damage, 25 Per Cent Damage,
Material ergs g-1 (C) ergs g-1 (C)

Polystyrene 8 x l010 >4 x 1011
Polyvinyl carba2.ole -8.8 x 109 -4. 4 x 101 1
Polyvinyl chloride 1. 9 x 109 1, 1 x 1010
Volyethylette 1. 9 x 109 9. 3 x 109
Polyvinyl formal 1.6 m 10) 1. z x 1010
Pulyvinylidene ,hlorido (Saran) 4. 1 x 108 4.5 x 109
Polycarbonat, 4. 3 x 108 4.3 x 109
KI - F I. 3 )c 108 2 x 109
P:olyvinyl Wutyral 4. 7 x 1O08 ). ') x 109

Colluluu i&cotattu 2. 7 x 10t 1. 9 x 109
r'olymna;hyl Ptlpha-uhlur,oaerylhtn 1. 0 x lot' ". , x I0H
Volymnthtvl irnotlh.4:rylatu 8. e, x 107 I. 1 x 109
Pulyamnido (Nylon 6,6 rr Wyloih -6) 8. 6 x 107 4, 7 x 108
Vinyl c s 1, ride -. 'cutatv 1. 4 x IW8 -.5 x 108
Tuflon 1.7 x I06 3. 7 x 106
Acutal (polyfirmulddhydo) Very poor rusistiuatc at 4. 4 x I08
Polypropylene No upsi,'I'Ic data; but is much iinf'r'ir to polyathyloni



t,.' over 1a1l prolnen rLnn orý' -ItW CII i I!~ ., I -'- ý ' r('p~!ý-rIy. lIn general, Iiow~uver, tables
ie esetll_, 1.he Ivucra[gc ove n- ~1l chnain ( of' the rnn Lu na I would be SiMil.a r to th1USOi

giVe(ll.

IIIg rill ci-L. 1CU11Sadnc.says~p-gdt r pre scotuee iii the text.

More compl etc data can be found in thne appendixu' ;.

THEORETICALCONSIDERA-TIONTS IN IRRADIATION
Or ORGANIC MATERIALS

Atomic fission producus mnany kinds of radiation or nuclear particles, but only two
of theoie, neutrons and gam.ma pho:;,-ons, arc able to penetrate more than a few centi'-
mneters of solid material. Bef.ausc the shielding around the raactor arid the fissioning
fuel will absorb a!. but these two types, aircraft engiru irs are concerned prirnarl! with
neutrons and gamina photons, These photons and neutrons, on passing 'hrough inetals,
will cause ionization eILctronic excitation, atomic displacement, lattice di~iturbancos,
and transmutation.

Organlic mxaterials, on the other hand, consist primarily of carbon and hydrogen
lhotinn' together by mhrival hondib that are rrnlaLively ea~iy -to break with the addition of
unorg~y. Both g niinra rays and ncutironri can cause moler:ular chnanges which will greatly
affect the properties of the rnaturiaL. Fast npeutrons can roact irk several ways, Incident
fast neutronis givu II nipAppri.xim-ately onu-half of t- 'r energy per~ collisionn to thie target
Itydrotleai aturin; c The ttt rec!oiling atoms8 cantbeCome1 l~niiixd, and the slow nuut rols re-

sulting fromt the collisionis can react with nuclei, releauing sitrotng ganima rays. The
ganimvi rays froxis the st t Japtarl mu menutionu inity cause the [otritaiaton of new radical gIýUuljb
or free radicalsi and louniz.;itliu. (2)

Organtic tuaturiatoj aron, as a result, inle ricur to rnutiilto with re (ipuet tu radiation
stAbility (see IFigitru 5). Cryatalline niaterialio, mametals, and cc raminic are rolatively
inuensitive its a class to nuclear radiation. Nonci-yatallino organic miaterials, an the
other hand, arei neverely danmaged by radiation domes thoutsands of tirvios lower than that
necoHL4sa my to affect niaetalti and ceramnics detctirtbly.

Factors affuct~iig rarliation cdaviage include the typo, amount, find rate ol radiation,
the composition of the orgunic mazuintal, and the vului~ijuuf thiv material subjected to ra--
diatiota. IDanago which occurs is proportionil to the arnount of radiation absorbed, and
(un of the problorrs hav been to ~Jeturi-ine accurately the amouint of radiation to which a
iniat~ ial in stibjected and which it absorbs.

it is extremiely difficult to compare radiation data from a.unsts obtained un%:er various
radiation sourcesi. IBccaiae fJ the differences in the over-all radiation asp-rit~mrn of a
graphitnt-nnodcrated and it watu r- modeurate ý1 reactor, or a cobiilt- 60 and a spent-fuel.

galiljSonrcint the. darnage that radiation from these sources causes to various innieri-
ala will differ, atlthonugh the tutljl absorbed cenertly mlay be the samfe in each case. There-
fore, in p rvsenting the e!xperirrental work, it is necessary to specify the radiation
Sl)Cctruin, ts welas the~ onergy absiorbed, when making a comparison of damagec to
varioltlnate n q imrraldiatOe d muki ,k: differenlt source_,- This is pa rticularly true with
C rysta IIinic a natur ai al. With orgati .nw aterials th-uscc dife renc us in spectra are inut so
iIIIj.Iortalnn ht ln'n-.l'e, lor the ranige uf energies, of ino,-t interestA and for mout organnic
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compounds, it can be a ssuned that Lhe total energy nIbsorLnCtdo (euril~ibles the .lfliounit of
damage, whet-her this energy comes from gan-m-as, neutrons, or both.

UENERATEFET OF RAnATN IONT POLY'MERIC IMAT'E 1A'

Elastomers and plastics are primarily organic materials which consist of Carbon
and hydrogen atoms bound tog-uther by covalent bonds that are easily disrupted by tile
addition of radiation energy. In this respect they differ from metr!is and ceram-ic.- which
are primarily crystalline, do riot contain covalent bonds, and are. not readily affocted
by radiation. Consequently, elastomers and plastics are inferior to metals and ceramics
with respect to radiation resistance.

Polymeric compounds exhibit several types of changeh onl irradiation. (3) Most
changes depend only on total dose. Some are dose-rate dependent because of the infle.-
encas of done rate on free- radical concentration. Some ch .iges are of high enough order
to serve as measures of radiation dose.

Radiation- induced changes have their origin ilo the ruptuvre of covalent bonds in
organic molecules. M~feets are small in simple organic comnp-unds, but are much more
pronounced in polymers. Among radiatiun-indu':ed chaniges in rubber and plastics arc!
those in appearance, chemical state, physical state, and n1 '3hanical properties. Ap-
pearance changes with temporary and permanent color effects and bubbling. Chemical
changes incl%.de double- bond formation, dohydrochlorination, c roe slinking, oxidative
degradation, polymerization, depolyniorization and gam evolution. l'hytiical 4'.aitgoteisn-
Chide effec ts oil viscosity, 80olubility, conductivity, free- radical opectra, fluorescencoi,
and crysmllntlity. Changeof in crystallinity are iiidicated bvy z nuromoritu of density,
heat ul fusiuln, X-ray dilfroretion, and other pruperties. Mochanl-ýid propertleeg that
changei are tensile strungth, clatitic m~oduluI4, hardiiess, elonigation, fluxibility, otc.

lFamut- neutron and garxkka radiation wimitted from a nucluar reactor produceU various
chemical reactions in plactic n and rubbers; these, in turn, chiange the physical propertiesj
of the materials. (4) The new chemnical bonds formed by radiation Are irreversible and
caimiot bu rtimoved by post- Irradiation heating.

Several reactions occttr concurrently with irradiation, btit the durmInating reactionis
and the rates at which they proceed dopend upon the chernical structure ot the material.
For many plastics and rubbtrs, the effect is essentially a curinig ~roc:Lcss characterizcd
by ani increase in hardne-es, a decrease in solubility, and somectimes, initially, by an iji-
crease in strength. A moderate amount of radiation may be benoficial to theae mate-
rials, huit ultimately, in a radiationi field, they lone tenailm, shear, and isnpact
strength1s ai~d elasticity, and fbially become brittle, Gas is often evolvcd during irradia.-
tion. Other typus are degraded by radiation; they soften and becuome .ýticky or eventually
disintcg)!atc into a powdery su~bstance-. Irradiationi also makes organic materials miore
susceptible to oxidation.

Materials in which the curing effect predominates (croneilinking) include polycth-
ylene, potyfttyrene, silicone, natural rubber, neoprene, GR-S rubber, and lBuna-N1
rubber. Teflon, !(cl- F, Lucite, cellulose plastics, bilty, ruLbber, and Thilnkol are pre-
domninantly affected by chain scission and, co(ns equently, softeeaiig of the mater ial.



Certain maraterials, cal;lud antirads, arc known to inhibit radiaLiun dani-a,,e. 'I'lie.t,
i,2ctudu aromatic structures, certainanLioxidants, and rin.jrial fillers. Rcscar-li is b!V-
ing carried out to find the most effective inhibitors.

Inorganic fillers usually iticrease radiation resistance. Laminates of glass cloth
have more structural stability than. the resins alone, but fillcrs such as cloth and pap,:i
reduce radiation resistance.

Sisman and Bopp(5) determined the effect of polymeric structure on the radiation
stability of plastics and have ranked the structural groups in the order of their stability
(see Figure 6). From this it can be seen that the benzene group attached to the main
chain but not present as part of the chain, provides the greatest radiation stability to the
polyrmcrs, while the presence of quaternary carbon atoms leads to radiation instability.

All the properties of a polymer are not affected to the same degree by radiation.
Therefore, in determining which rubber or plastic is best for a particular application, it
is necessary to consider the effect of radiation in two ways. First, the over-all radia-
tion stability of the material must be taken into account, and second, the effect of radia-
tion on those properties which are important for the desired application must be con-
sidered. For example, two elastomers may have good over-all radiation stability, but
with one, the tensile strength fails first under irradiation, while with the other, the corm-
pressive strength is the property which deteriorates most rapidly. The first rubber
could be used most advantageously for applications where compressive strength is one of
the important requirements, such as in gaskets or seals. The latter rubber could serve
best for applications where retention of tensile strength is most important.

At present, no commercially available, new or improved radiation-resistant
polymers are in sight. However, as more information on the structural factors affccting
radiation resistance is obtained, new polymers will be synthesized to take advanta::.u of
this knowledge.

It is believed that polystyrene has excellent radiation resistance because the bLii-
zene ring absorbs energy due to resonance within the ring structure. Other reso..atin:
structures, such as ferrocene, are being examined to determine which structures may
be used to reduce the effect of radiation. No published information is available .) 'bis

work at the present time.

Certain organic groups are known to be more stable than others, and the follwin.
general rules lay the ground work for formulations of radiation-resistant species. (6)

(1) Aromatics are more stable than aliphatics because of the resonance
energy and greater bond strength of the aromatics. The greater the
resonance energy, the greater the stability. In order of decreasing
stability are anthracene, naphthalene, benzene, and aliphatics.

(2) Substituted aromatics arc more resistant than nonsubstituted aromatic-s.
A sidu group acts as a point of entry for energy to enter the ring, ald lie
dissipated. In order uf decreasing stability are ortho, para, and in La.
substituted groups.

(3) Basic compounds are more staole than acid compounds because the
bonds of the COOl'l group are relativcly weak.
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FIGURE 6. PVCOLYMER GROUPS RANKED IN ORDER OF STABILITY AGAINST

CLEAVAGE(5)
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(4) In order of decreasing stability are alkanes, ethers, alcohols, esters,
and ketones. These relations may be due to relative electronegativity
and relative bond strengths.

(5) Saturated Lliphatic structures are more stable than unsaturated ali-
phatic structures. Compounds with terminal unsaturation are less
stable than compounds with interior unsaturation.

(6) Small molecules are more stable titan large molecules. Smaller
volume per molecule means less absorption per molecule.

(7) Nonbranched chains are more stable than branched chains. There is
a greater possibility of crosslinking in branched chains.

(8) Trans-isomers are more stable than cis-isomers and equatorial
groups are more stable than axial groups. Steric hindrance of axial
groups promotes instability.

ESTIMATE OF LIFE EXPECTANCY OF POLYMERIC MATERIALS

At present, there are only limited data available which correlate laboratory tests
and service life of a polymeric material at different radiation doses. However, on the
basis of the rate of change of the polymer on exposure to radiation, it is possible to esti-
mate life expectancy to some degree.

. Using an assumed radiation field in which the materials would absorb energy at a
rate of 107 ergs "g I hr- 1, the life expectancy of several elastomers was calculated.
Tables 4 and 5 indicate the number of hours at which clastomcrs and plastics are dam-
aged to threshold, 25 per cent, and 50 per cent values. It was obtained by dividing the
doses necessary for these degrees of damage by 1 ,, ergs g- I hr- I (C). The tables are
only indicative of the relative service life of materials and cannot be interpreted as
actual service life.

There art a great many variables affecting the service life of a material while
under irradiation. The cure, filler, and other compounding ingredients will have somle
effect, and the environment to which the material is subjected will also determine, to
some extent, its service life. Therefore, tests under actual service-life conditions are
necessary before an estimate of life expectancy can be made with any degree of accuracy.

THE EFFECTS OF RADIATION IN COMBINED ENVIRONMENTS

The majority of the work to date on the effects of radiation on polymeric compounds
has been under normal environmental conditions, i. e., in air and at ambient tempera-
Lure. H-Iowcver, there is a steadily increasing number of reports on the effects of radia-
tion on compositions (1) at elevatca .rr.perature, (2) in vacuum, (3) or immersion in
liquids or gases, and (4) in combinatio.,s of these environments. These data are sum-
marized below.



I' 14411, 4. HOURISd TO ,'PRO-' JIG :: I)AMA,.. [ C' J!.IAM OMFRS IN' A FIEL D) IN WhI1C 1
MA'7'.l,• i Al|. ,011.]' i 07 I4LCS G- (I a

Abaorbed Total Dohas, to P rurodc . Flouror to P roduc(re Ild cated Damtage t,,

l)an•,8g , ergo r•+ -/ (C) . .I't to ,.eri

"r} lh, hl 2S4 P r G eont 50 1'er Gr ilt l'hreshold Z5 Per C ent Ikt Per CG -at

tProperty arti Original Value I;a mng Damage,- Damage Davila gli DInt alý l)olkgý

Nltorl Rubber

Tensile strerigth Z.,2 . I I 4.4 . 10101 3 , !0l0 1 220 1400 1000

(2, 600 pli)
E:longation 6.8 x 1048 4.* a l09 1 1.2 x 100 68 45L, 1203
(420 per cent)

Sot it breakt 4.5 a10" 1 . 7x l01 6.8 x 109 4 230 680
t 12 per c ent)

Conpresiann set I., a . to$ 5 x 10 1 1010 1 is8 500 1000
(13 per cint)

Strain at 400 lb/In, 2 1x Ia48o 0 , I x 10
9 

1 3 . 1IU0 4 9 i 910 3000
(30 per cent)

Shore h.Lrtine
1

s(: 8. 4 . 100) 4. 4 x 409 4.5 . 109 84 Z"O 45)0
(A1 - 60) (it , 61) (it - 70) t

intyl Rubber (GR-I 'O)

Tensile strength 6.4x 108. I I . 109 1 3, 8 10) 1 64 -40 380
(1, 100 pit)

Elongation 6.4 x 4080 or f S x 109 1 64 S00 --
(525 per cent)

S• at break 
2

. , 108 t 6,4 x 108 1 4. x 109 22 64 ISO
(35 per cent)

Compression set I.A x 108 1 3,6x 108 t s.9 x il. u f 36 S9
(7Z per cent)

Strain At 400 lb/in. 9, 1 x408 t t .2 . 10 ).2 x 109 f 91 220 3Z0
(31 per cent)

Shore ha&rdneiss 2, 1 x 109o 1.24- 109 3,9 x 1119) 210 190,
(11 a 66) I1i m 61) 1 (if - 56) 4

Nitrulo Rublr (Ilyatr Ol 11)

Ton'ile silrngtlth .7 4 10<4 1 1.". a 40141 2.9 a x I444 I 00 1 1V0 h4100
I I 4, 404 1i-1) (40%)

Ehlo atlIon ., I I l' to" 1 5(4(4 9.8 a L4,9 24 490 .'t.o-
(1.50 pJim ctli)

Sol15a break 7, i x 104) ..... 71
(4 $ rcr cent)
ollpilptru .l'n a14 4.4 1 x )09 6.7 4 l ..i x 10'9 ' 14 64 494)
(9.1; pill trillt)

94tr,'t .&1 400 11,/tn,• . 1.01 4 l.t . IO'* ,') 109 1 x .020 (.7t 010
(25 Iper cilot)

Shorr hardntst '7 a 40" 2 a 404 l x a (oi 7 1.00 50(
444 ~ ~ ~ ~ k 1144-747 (I .) V

Iyl r rl 1 , " 7i l wr (11y oa PA-1,)

'ol1,1lv mirength 4. 1 0(. 1 r , x, a I4) .I, , x a 0 0 44 41 '540 1 4W444
(4. 000 psi)
.. 'Ih4)48t lo, - 4 a i(4 I.) I x I /9 146 5440

42(Ci pr r( ,en 1t)

h'4 ,it break '. I o "t S r...,'). a 44)8 I . *)0 9.*i
I1V per - -0 't

t.....pre4 sioO (t t 4 x Ia 44 x. I I 1 II f ,,) I 109 ( I( 116, 4Hi
(I, per l, call)•petr.ln t ) , 480 I." , a 1OH' 1,. I.ao} tt) 4 41 l20 .'4)0

11( , lier colt}
Shore hm ,,lo'r. 4.. 7 x 1)17 1. Y 4 × I4.2 x 0 0 0 4 4. I4) 1 7OO

( 7 -7(114 61) '44 7z)
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TABLE 4. '(Continued)

Absorbed Total Dona to Produce Hour@ to Produce Indicated Da-n'ae to
Damage, ergs g"1 (C) Elastomers

Thireshod &S Per Cent SO Per cent Threshold Zb Per Cent 50 Per Cent
Property and Original Value Damage Damage Damage Damage LUamaKe Damage

Polychloropresne Rubber lNeoprene W)

Tensile strength 109 6.6x 109 4 1.6 x 1010 4 100 660 1600
(2,9 0 0 psi)

Elongation 4.1 x 108$ 109 1 4. t 4109 41 180 410
(450 per cent)

Set at break 1.6x 1094 3.1x J09 4 4.1 x 109 160 320 410
(6 per cent)

Compression set 1.8 x 10o S x l0o 1 1. 3 a 109 4 15 so 130
(9 per cent)

Strain at 400 lb/in.2  6.4 x 108 5 3.6 x 109 4 7.3 109 4 64 360 730
(31 per cent) '

Shore hardness 4.1 x 109 9.1 x 109 1.4 x 1010 410 910 1400
IHea7) o (H a83) f (H a04) 1

Polysultfde Rubber T'hioko" ST)

Tensile strength 4.5 x 107 1 8.2 x 10 9 1 3.3 1010 41 520 23C0
(I00 psi)

Elongation 4.Sx 107i 4. x 108 5 . 5 . 1 0 9 4 4.5 41 1000
(161 per cent)

Set at break 4.5x10T 3.4x106 1.6n109 1 4.5 34 160
(3 per coet)

Compressionmset 6.0a 107( 1.4 x 106 2.3 x 108 t 4.5 14 Z3
(9 per cent)

Strain at 400 Ib/in.8  4.S x 1086 8.5 x 109 1.1 x I030f 45 IS0 1100
(26 per cent) -

Shore hardiness Z.9 x 107 9. 1 x 108 4.5 x 1010  2.4 240 4500
(Ha74) t (H a79) * (H1 a69) f

Silicone Rubber (Silastic 7-170)

Tensile strength 1.2 x 10S t 4.9 x 109 4 1.s x 101 0 12 490 1500
(S20 psi)

Elongation 1.4 x 10i4 6. x 10g 4 1.6 x 109 4 14 611 160
(95 per cent)

Set at break ........--.
Compression set 1.2 x Ios' 3.8 x 10. 4 9. 71 108 o 12 38 91

(1.4 per cent)
Sts~an at400Wb/in. a 1.6 10x l.s 1x09 I J.2n l0z 9 16 120 320

(1.4 per cent)
Shore hardness I.2 x108 4.2 C 108 a a log 12 42 66

(H a59) t (H•64) 1 (4Ha69) t

Styrene.Butadiene Rubber I(SR) (GR-S 50))

Tensile strength S K 109o Z 7 x 1010 t 4. 1 x 1010 S00 2700 4800
11,700 psi)

Elons-Ation I.&x l8o 1.2 x 109 1 4.5 x 109 4 1s 120 4'iO
(Z'70 per rent)

Set at bre-ak I.8x 3084 i.2 x 109 1 4.5 x 109 4 18 120 450
(S per cent)

Conmpression set I.5x aoot I.IO x 109 4 5. 5 x 109 to Iz0 550
(4.1 l.er cent)

StrAta At 400 ib/in. 1.8 x 10o 1.5 x 109 4 6.0 x 30q I ISO 6hO
(.18 per cent)

Shoire hardness 4. j x 107 7 x 108 1.4 x 1010 4.5 100 1400
(M -6.1) 1 411. 67) f (1H - 72) 1

(.a) The hoar ..are calcl.atted by divi,'iing the tot;al dose to prodnce damasge by the energy-ahemnrptaon rate a(107 args a-' hr-l (C)j.
IIh.tro 'or ..ther r.,iatiun rates c:an be Kinsilarly ealculated. T'hese v'-lues are relative only. *and aure not intended for
us.e t.r serva'-e-life ostanusta".

IhN Th,. synif-als twaide the dose values indicate whether thr" value is increasing (1), decreaninj, 11). or not changins (o).
(01 Doses (or Shore hardness are noted for the values given rather than for threshold, ZS per rent. and 50 per rent damage!.
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TABLE 5. HOURS TO PRODUCE DAMAGE TO PLASTICS IN A F.I-D
IN WHICH MATERIALS ADSORB 107 ERGS G- I HR"l~a)

Absorbed Total Dose to Produce Hours to Produce Indicated
Dam!Ae. erms ff".(C) Darnaze to Plastic a

Fk1ateuria and Original Threshuld 15 Par Cent 50 Per Cent Threshold 25 Per Cent 50 Per Cent
Property Value Damage Damage Damage Damagel Damage Damage

Ac rylic m

Methyl Methacrylate (Lucite) & 70Tensile strength 7. 5 x 107I 1') o I. A 309 1 07. 100 200(IO, 7 O0 psi)
E. longatiun 4. S x 107 5 109 & 1. x t09 4 7.5 t00 zoo

(4.5 per cent)
Elastic modulus 1.34 x 109 f s 10x o f 140 So --(4. x 105 pst) (I IMdamage)

Shear strength 109 4 1 309 1 6.A 3 109 1 100 400 620(6,700 psi)
Impact strength 109 4 x 109 4 6. a x 109 3 t00 400 620

(0. 37 ft-lb/in, el notch)

Amine Resins

Aniline Formaldehyde (Cibanite)

Tensile strength 9.1 9 109 4 2.4 x 10114 3.6 x 101o4 910 24,000 36,000
(9, A pet) i4
(lOnjUien g. 1 x 109 & A.4 " 1011 3.6 x 10114 910 24,000 36,000(IA| per cons)

Elastic modulues 4.1x 1011a .... 4Z,000 ...(6. 0 x I0$ Pat)Shear strength 9. x 1019 4 2.4 x 10ii1 3.6 x 10 114 910 24,000 36,000

(9,700 psi)
impact strength 6.7x107 f 1.3x 10' 9 1.23x 0109 6.7 130 1,200

10. 20 ft-lb/ia. .1 neoW

Melanmla Femaldehyde (Molmac)-
Colbloee. TlUer

Tensile strength 6.7 x log 4 6.66 4 got 4 .. z I0304 67 1,0 4.600
(9,000 peP)

Elongation 6.7 x 108 & 6.6 t 109 j 1.6a 1010 67 640 1,600
(0. 6S per ceoto I 0 4.

Elastic modul0 3 0l -. l,0v0 33,000.(14 x 10S Pei)
Shear strenlth 6.7 x 10J4 3.9 x t010a 9. 3 x I0o0 6 67 3,900 9,100

(30,000 pei)
Impact strength 9. 1 x I010a Z. z x itI .@S a lo01 4 9,100 22,000 25,000

(0. 30 ft-lb/in. of notch)

Urea Formaldehyde (Plaskon Ursa)-
CeUllose Pulp Pigment

Tensile strength 7. j08 4 3310' 4 7.3. 10' 4 75 460 730
(7,1 00 psi)Elongation 7,Sx log 4 3 0  1 7. 3 x 109 4 75 460 730

(0. 5 per cent)
Elastic m"oulue 3.s x 109 Z.7 x 10101 310 2,100

(14 x 10 psi) (10% damage) 110% damage) -o
Shear strength 7.5 x 10 i 1 x 109 7.3x 109 4 75 460 730

(10.000 psi)
Impact strength 1. 2 X 109 4 5.8 3 10104 8. z x 1010a 320 5,800 $,zoo

(0. 30 ft-:b/in. of notch)
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TABLE 5. (Continued)

Absorbcd Total Uose *o Pruduce liours to Produce Indicated
Damage, crgh g"IC) Damage to Plastics

Material anti Original Threshold Z5 Per Cent 50 Per Cent Threshold Z5 Per Cent 50 Per Cent

Pruperty Value Damage Damage Damage Damage Damage Damage

rurane Resins

Furane iRtemn (Daralon)-
Asbestat and Carbon-
Black Filler

Tensile strength 3 x 1010 o 3 a 1 0 11 a -- 3,000 30,000 --

(Z, 00 psi)

Elongation 3 x to 10 o 3ox 301 *a 3,000 30,000

(0. 39 per cent3

Elastic modulus 3 x 1010 0 3 X 1011 0 3,000 30,000

(8 x 105 psi)
1,' pact strength 3 x 1010 a 3 x 101 0 -0 3,000 30,000

(0. 31 ft-lb/in, of notch)

Phenolic a

Phenol Formaldehyde (Haveg 41)-

Asbestos iller
Tensile strength 3.S x 0100o 3.5 x 10110 -" 3,500 35,000 --

(2, $00 psi)
Elongation 3. Sx 1010o 3. Sx 1011o - 3,500 3S,000

(0. 5 per cunt)
Elastic modulus 3. 5 x 10o 3. S x 101 -- 3,500 35,000

(10 x IQs psi)
Impact streng.h 3.5 x 10k0o 3.5 x 101 o - ,500 35,000 --

10. 31 ft-lb/in. of notch)

Polyesters

Polyester (Plaskon Alkyd)-
Mineral ruirr

"Tensile :.rength 7.9 x t0 9 3. Sx 10131 -- 39 5i,000 -.

(4.700 psi)

Ehonation 7.9 x 109 1 3.S x 1011 -- 790 3S,000 ..

(0. 17 per cent)
Elastic modulus 7.9 x 109 4 3.S x 1011 - 790 SS,000

(.: x 105 psi)

Shear strength 7. 9 x 109 3. S x 1011 -790 35.000

(7,000 psi)

Impact strength 7.9 x 09 3.5s x 1011 -- 790 3S,000

(0. J9 ft-lb/in, of notch)

Styrene Polymers and Copoly•Lrs

Polystyrene (Styron 413-C)-White
Pigment Filler

Tensile ottength 7. 3 x I0
10 o 3.6 x l0oo -- 7,300 36,000 --

(4.400 psi)
Elongation 7.$ 7x 1010o 3.6 x lol , 7,300 36,000

(t.0 pe.r cent)
Ll4-itim modulus 7. Jx ixi0O J. 6 0x 101u -- 7,300 '6,000 --

(4.8 x 105 psi)
Shear strength 7.3 x 10100 4.6x 1011o 7.300 6.000 --

(5.500 psi)
hImpact .trength 7. . x '01t, 3.6 x 1011 a, . 7,00 36.000

(0. '0t ft- ll /in. of notch)
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TAB1LE 5. (Continued)

Absorbed Total Dosc to Producv Houri" to Produce 1ndivatvd

Dana~ e erji.1. oC )majet. Plastics
Material and Original Threshold 2.! Per Cent 50 Pr.r Cent Threshold 25 Per (Cant SO Per Cent

Property "ailue Damage D)amrage Damage Damage DaMnage Dalna".

Cellulaoic s

Cellulose Aetato W1ityrate (Tenije ii)

'renuile strength 1.6 x 108 4 2. 3 x 10
9 

I 3. 3 x09 l 16 230 330
(4, M00 pli)

F.1hng1thio' 1. 6 x 10 4 2. 3 X 9 1) . lot) 1 2 16 230 3,30
(60 per cent)

Elaetic modlus 3.4 -x0 3.Z 1 3 0. 9 . -- 1.4 320 --

(1.6 % 10 pet) (.0% danmagee)
Shear vttength 1.6 x 108 1 .3x 1109 1 3.3 1 109 i 16 230 330

(4,000 pol)
Impact qtrength 6.8 x 107 4 6.6 Y4 106 1 1.9 x 109 1 6,8 66 1O9

(3. 3 it-lb/in, of notch)

Eh oePolymer.

Polyethylene (Polythene)
Tensile strength 1,7 x 10

9 
f 7,.a x l0t 14. 170 73,000

Cungatilo 2, I a. 09 I 8. 5 " 1(19 1 1,6 it 0 1 210 WTh0 1 600
4250 per cent)

Elastic ;,',odulus 3. 6 . 1010# 1, 3 x 10"l is x lo 109 3,600 13,000 18,000
(0, 30 x 10 poll2

Sheer strength I,7 a l" 1I1 9, x 109 4 9 9 4. 1 10 1t 170 910 4,900
(1,400 |lit)

Impact CVt4Il1th 24, 1 w 109 4 0,5 a 10 4 1,, e, x iO0 1 210 850 1 , b)O
III. 4t..b/lt, of notch)

Murtuc lihlureotrilhIior oethyleile

Tenuille strength !,6 a 1091 i 4 x 109 I 1. 1 x110 I 360 M is'v, 1,100
(4,900 phl)

'loiation 3.,6 4 A 10 1 1,8 x 109 I 4. I w 109 I I4 Il80 416
(50 per vent)

PAlMatle 1 ,i0IIghn 2. a N0 9 # I. a x lo0in ..1 2 1 i,5('0 -
(2.9 x 10 poll

,heoar etrenlith I. x l0ol t 1. x 1010i 2 a 1t 
0 
UI 1A 1,500 e, i00

(5, JO0 pPil
lliit2, . ste,,gth6 l I Il x a 9 1' 4 4, 1 a 2O I 1 1 ISO 410

1. Y tt-lb/ii,. of notch)

PilAytt, t i"illluoroothyily hii fr l lon)

Tlienlie strengith 1. 1 a 106 1. 1, , l0 I j I a 107 1 0,2 . 2 9
(3,400 pot)

Elkogigation l ,x l0( i 3.4a x0V 1 1. 3 a 10 6 1 0.15 0.3 0.6
j 11,C 1i,r .' iit)

Eiaxtl,: ,,odulIha 1. a l. 7 9 2, a x 10• 9 2.8 ib tt
43, 0 x il0 pit) (20% dlaynage)

bfl!v.,r ntrongth IH x 107 4 4 x IL0? 9 1. ý a 104 1.8 4 i,

tliip let , *-Kthi I.8 1x 07 I fh x 107 f S x 10'7 f 1.8 3. 6 5
1( , ft t-Ill/in. .I nwc--h)
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Elevtted Tempqleratuire

Studies have shown that for a particular polymer systein, the more heat-re.nistant
materials are more resistant to degradation fronr nuclear radiation. Also, with some
heat-resistant materials, radiation damage is similar regardless of exposure tempera-
ture For example, it has been reported that there were no observed differences in de-.
terioration of Teflon, KeI-F, and a polydimethy]. siloxano when irradiated from 101 to
313 F, (7)

On irradiation at 300 F, the fluorine- containing rubbers, Viton A-VH and Silaetic
LS-53, liberated a corrosive chemical, probably hydroflUoric acid. For this reason,
fluorine rubbers should not be used in a radiation field above 300 F if corrosion is a
prcblurn.

The curing system an," the reactive diluent uzwd in epoxy resins hav.e a large effect
or, the heat resistance and radiation stability of the resins, In 6.neral, epoxy resins of
high heat.. distortion temperatures are more resistant to radiation than those having
lower temperature resistance. Aiihydrkle curing systems produce epoxy plastics having
high heat-distortion temperatures. In one such system. after a radiation done of
1010 erga g I (C), the heat-distortion temperature decreased from 575 F to approxi-
mately 500 F.

Buna-N and Teflon were tested under simulated operath g conditions up to 350 F. (8)
Buna-N was affected long by radiation and appeared to fuj.ctiox. sa.tisfactorily at exposure
doses up to about 4 x 108 ergo g' I (C), at temperatures up u I'.") F and static pressures
of I, 200 patg. An intermittent test (0 to 1,000 paig) at 350 F ilntwated Buna-N to be bat-
isfactory to at loast 108 ergo g-I (C). The Teflon material failed "N. lower exposure
doses - about 108 ergxV g-1 (C) for static prestre uand 107 urge g- 1 f fNL intermittent
pressure. The exposure dose-failure r-elatiuonuhip was practically ima rmhdent of temper-
ature from 100 to 350 F.

The effects of simultaneous exposure of both gamma radiation and elvated tuin-
peraturu uzi glass-reinforcecd plastic laminates have been Investigated. In general, the
rnechznical and electrical properties of ruialourc'.d plastic laminatos of various resin
types were not adversely affected by gamma radiation of a maximuni dosi, of
7. 8 x 1010 ( rgs g- I (C). Th' re Shlw (1 (10 tiA,,,gO WiA H ,j. -di ,tt 0. 3 x 101 ergs g" I (C), with
the exception of a phenolic resin (C'IL-917LD) lanxiin.tu which retained usuful prop, ertiod
eeon after exposure to this large rdliation dosa. Kellor( 9 ) pilTited out that a phenolic
system ordinarily deteriorates whn exposed to elevated temperatures in the presenct ur
air due to oxidation. He suggested that iA is possible that irradiation inhibits the oxid.-
tiun and that crouAnlizkiag takes place. The results of thoec tents are aummarized in
Tablea 6 and 7 and graphically in Figures 7, 8, and 9,

Commercially available adhesivu-s were, investigated to determine the effr;ct of
gamma radiation on their strength properties, at both room and elevated temperatures.

In general, rnosL of the adhesives showed a losH of one-third their initial strength at
approximainly 5 x 1010 erg g- I (G), while one adhesive had very little loss in strength
with an uxposure of nearly 1011 ergs g- (C). Streagth deg-adation occurred earliest in
the least heat-resistant adhesives. A heat- resistant epoxy-phenolic adhesive, Epon 4;Z,
was eks entially unaffected by gamnrna radiation at all testing temperatures. (10)
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Wo rkerCs a1t 1 1. F. Goodi ich Compny( M ~ irradO(iated( iii, eiIiile and necprene robbcrL;al
15¶8 F mdic found thatI the offect of the corvmbin-td Ltt LIPA ra tu re ariid radliation wag lict app reci-
ably different fruni the ffctof radiation alone. I lowever, it is cxpocted that, at higher
tcniperature s, nio re rapid deterioration will taku place.

Liquids and Ga~zes

Se;Jm1s and gaskets have been founud to be mrno radiation resistant wheni inirriersed ill
oil and, as a rnaul~t, seals of Viton A, zjiliconc, or nitrile rubber are now believed cap-
able of servicue to an exposure, dose (ii 1010 ergs 9g (C), whereas, onl the basis of sta~tic
toutan in air, aix exposure dlose of 108 ergs g- (C) hasr been considered maximumn.

xin irradiation studieo of fluorocarbon 'laiiroZ~Cmrs, it was found that many of them
behavo differently on irradiation in diestce r flutid than in air. When irradiated in aitir,
Vitori A and Ela stuintlr 214 l gari to get soft itrid tacky at, 6 x 108 ergsr g- (C), but sur-.
vived I x 10 10 ergs g- 1 (C) in (liustur oil at 400 F with retention of rulbberlid p)rope r-
ties. (10) In argon gas, h~owL'vor, ani exposure to 5 x 108 erys g- (C) at; 400 F caused
75 per cent; loss of tensile strength and~ clongation. At 500 1, the same dose caiuued a
cornplL'tu lrisi s of useful propertier 1~. hasl beenl luggest cd that PetrOlf-'.un1 (ýAnd perhaps
other oils) inay be a natural protoctiveo agent a gainlit garnnira racliatio; hy acting as a scav-
enger for free radicals or by providinig anl eff'aetive mendiumn fur energy transfeir.

Viton A 0-ringa were irradiatod at 400 F while inimrnersd inl MLO-1i200 and
Vor siltibe F-5O hydraulic fluids. (13) Samples- retained jiost of tice r elatirtonier ir: proper-
ties and seualing ulbil.Liou at 8. 4 x 10 8 orgoS- (C). They becamec cunsideroirly harder hiet
still rtei.,tiued thuir sealng ibLllty at S. 4 x 10 o (rgs g- (C). E xj it)r tj 8. 4 x 10 10orgs

9- (C) caused thc 0 - rin~gs8 t o becor"ue ve-y hW I'd rind brittle arid tu luau thei r sualing ai0 I-
ity, 11w mc irradiiteud inl M LO-EIU 82n)wieled butter do ur all tcut cuinditions than thoue.
1riiailatod ill Vurwiltihe F-itl,

Vitun, A C)- rintgo wore i rraudiated at 1i x 10') u eg" g- ()whilt, blnrie r ou'dl Cin -oriinite
8.1,00 hydratilic fluid at it teuiperirture Of Z00 F Lil I)OSlU up) to 3, 000 pi.I (1') SoI I It
leaklkagii during thu final nstagesl of tlhe LCtesWth wa oLomd. InI tub eequen.- to etsi in Ouwi ite 'I
-At Z75 1' mdn 3, Ot0 psid minxila r acalv leaked amnd did eaot Pu rforin satisfactorily at an

auigu, radlat~io(In li so ale of 1. 1 x 107 vrt ig- I (G) hItr1 13 x 10 o9 
Vgi g-I (c) I.(I

V itonl A, n-it rile, rjIbbe r , ruri c, -mrid a [mo rirrated s ili4-onrii ( LS-Sl ), were tc studI
mit terape ratu zes raniginig from 190 to 300 Y' and at. ai garir ati~ dose of 1. 75 x 1 08 erg ii

91 (C), 016) -these were te muted iseparatcly ill MIL-F-'~7.. 4 fuel, MIL- L,- 7818(; Ibibricaut,
anid a high- tmu lie ratn re hyd rautlic flulid, OS- '5, litite r pvc sse yes riulnginig from 0 to
I . 00 p mmig. The ic wer ie n cla ston-ter failuour douring themnie 200-11hour tests.,

V tineo A - a slhur' stos backupI. rie g ir weure found sat i.,,f.,act try for usc in a fl Iighat- t-onIt rol
s ysiteriu ope rating at 200 F 118tigil M LO- 8/~00 hydra alit fluid aind ait an exposuer c do~ of'
8. 8 ( 10' 1)rtI. g -I(C) . ( 14)

Neopreere 0- rings containing ;trt a lit i ad !Aoffe icul 10 Pci ce(nit less change inl elontga -

tioe th~in it stanidaurd conipound after i rradijationi in air antd in a pre r ,s8ariec~e oianii
Ororiite 85~15 at ý1O F and jOQO psi fur ',I hours. (/

Comnrr~ c rjai'lly jIva tij Ut r Th'Iolj star I..,j'jj ru V!-rc irera diateud inl a-ir anid inl J P-4' fuel.
Thet s;!. itlitm irCradia~ted l ain tuI showed amo re refnu-ctict. in tensilc si rongth and cloogmtiotl
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Lhan those irradiated in air. Thiokol senlants having a high fillhr content were less radi

ation resistant than controels when irradiated in fuAl. This decreased resistance with

fillers has also been noted in elastomers irradiated in fuel.

Thiokol sealants were irradiated at 140 F at three different doses while immersed

in JP-4 fuel. Under theae conditions, the sealants were resistant to a dose of

3. 5 x 109 ergs g- (C) but were unsatisfactory at 1 x 1010 ergs g (C).

Vacuum

Very little information is available -'egarding radiation effects in a high vacuum.

However some studies hjavc been made in different vacuum applications and results are

suW ,marized b,'•ow.

The vacuum- sealing proprt. . of silicones have been determined during irradia-

tion. 'The data showed that dimethyl ailastic compound retained flexibility and main-

tained a vacuum seal to Z x 1011 ergs g- I (C) even though i.Is physical properties were

degraded. (18)

Silastics 160 and 181 wu.;e bombarded with deutorons while being used as a seal.

The amount of energy absorbed fii the last test where a vacuum seal he~ld was Zx 1011 erga
g-I (C) for both materials, The vacuum sual failed to hold whan 1. 1 x 1012 ergs g- (C)

was absorbed by Silastic 160 and whean 3.7 x 1011 ergs g'I (C) was ,,bsorbed by

SIlastic 181.

Nylon tire cords lose more than 50 per cont of their original tensile ntrengt'h whe'

irradiated in air at 8.5 x 108 erg. U- I (C). (19) When Irzadiated in a vacviurn to the same

exposure doso, these fibers decrease lesa that 15 per cent in tensile strength, Etonga-

tion incroazed front 1 to 40 per c,,tt when irradiated in a vacuum as compared with a rIe-

LVruaWu of 50 per v.iit when irrudiatud in air. The flux-life of the fibers decreased

rapidly when uxpuased in air. ThoM, oxygwlt IN a Mtrung fcontrilbutux to the degraLdatlin of

physical properties of nylon in thu prtuencfi of radiation.

Irradiatluki uf Mylar in vaucuiu to B. 7 x 10") args g' 1 ((-• produced the ujarne damagn

au 4. 4 x 109 urgo g I (C) itn air, indicating that oxidation playn some role in the damage

induced. (10)

As delerznined from teats on reinforetd plastic laninateus, the comnbined ef.tectiJ of
high vacutttU, ultraviolot radiation, wiLd uluv ittd Wntpeuratitres are not significant on mout
strut-tural pla stic matorial s. The extent of degradation in epoxy and phenolic laminates

is a function of tcrnpurature rathur thann high vacuum or combined high vacuunm and tern-

peratur(,, E;poewure conditions iii these tests were a radiant.-enurgy flux concentratwd in

the range fronm ZSOU to 5800 A ut' equivalent in arnouit t to the solar coi, Stant. teinpera-

otres ol 300 Y, and reduced preuutretj of 10-6 to 10-7 mm 1ig.

EFFECT OF DOSE RATE ON POLYMEIRS

Thc ciitai g to a polyinur by rmdiatio!. isi generally dependeit on to')t;:l dose ahaot.,

re':';ardle ss of type of radiation. Qulcttions (Iftel ari se a Lo to s*,)s -ratLa t-fl( ts. i' ten-
Si (os'C j e- tat stndics hilvO w- ec islade.. . 1l'hc data that arc ava;ilable arc pr scavted billow.
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Aitken, Ralph, and Sheldon( 2 1) irradiated epoxy resins, using a pile, a spent fuel
assembly (gamma), and a linear accelerator (electrons). In the pile, the specimens were
irradiated in air at room tem-iperature (70 C) and a thermal neutron flux o; 1.Z x 1014 n
cm" I using a pile factor of 1017 nvt = 7 x 107 rads. Doses of 1. 2 x 108, 8.5 x I08,
1. 3 x 1C9, and 2. 9 x 109 rads were received, at a dose rate of 2. 9. megarads hr

In the spent fuel assembly, the specimens were irradiated in air at room tempera-
ture using a dose rate of 2.0 megarads hr- 1 gamma, together with 103 thermal n cm-?
sec- 1. The latter were neglected as insignificant since thermal neutrons have not been
found to contribute to the degradation of simple polymers. In the linear accelerator the
specimens were again irradiated in air at room temperature at a dose rate of
1. 8 x 102 megarad hr- 1.

The results from pile and gamma irradiation were i-a reasonable agreement with
each other. This was not so in the case of the electron irradiation. This discrepancy is
probably dut to the wide difierences in dose rates used; 2. 92 megarad hr- 1 in the pile,
2. 0 megarad hr- I in the spent fuel assembly, against 1. 8 x 102 megarad hr- 1 with the
linear accelerator.

Dose rate does seem to have an important bearing on the processes, when the sam-
ples react with their surroundings. In the case of irradiations carried out in air, the
degradation processes may be regarded as being due to the diffusion of oxygen into the
specimens, which yields peroxidation and hydroperoxidation of the radicals. The degree
to which these reactions affectpthe physical properties of the material is probably de-
pendent on the diffusion rate of oxygen in the mctrix and on the geometry of the specimen.
In the case of electron irradiation's, the dose rate (free-radical production) may be in
excess of the diffusion rate of oxygen, causing the crosslinking reactions to predominate.
In the case of the gamma and pile irradiations, free-radical production rate is suffi-
ciently low to allow the diffusion of oxygen to influence the degradative process - causing
chain shortening and inhibition of crosslinking.

The results of experimental irradiations at high dose rates in air should be treated
with extreme caution. The time scale of irradiation should be sufficiently long to allow
secondary processes to occur to their full extent, before the results obtained can be re-
lated to the materials under working conditions.

Radiation in Van Allen belts is a mixture of electrons and protons existing in two
major belts surrounding the earth. The Pioneer vehicle space probes indicated that
maximum intensity in the Van Allen space radiation belts surrounding the earth was
approximately 100 roentgens/hour and then only if the radiation consisted of protons,
which would be the worst possible case. (2Z) Thus, maximum total dose sustained by a
space vehicle in one year would be 8. 7 x 105 roentgens, and then only if the vehicle re-
mained in the center of the radiation belt continuously. Hence, a number of the polymers
may be serviceable for at least a year.

FUNDAMENTAL STUDIES

There has recently been an increase in the number of fundamental studies directed
toward the development or testing of clastomers and plastics. Three of these studies
arc of si!.nifiance to those interested in developing radiation- resistant elastoners.
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The first sLudy of this type is in connection with the deternmination of combined
heat and radiation stability of polymers. General Electric( 2 3 ) derived an equation Irom

photo,.hemical principles which may apply to many materials under combined radiation
and temperature conditions.

The general formula is

In t +. K3 lnr+K 4,
T T

where

t = time to failure in hours

T = absolute temperature in degrees Kelvin

r = radiation-exposure rate in ergo g- I (C) hr-1

KI, K.2, K3, and K4 are constants determined experimentally.

Tests were made on Teflon to check the applicability of this relationship with respect to
organic solids.

The dynamic test used consisted of flexing during irradiation at temperature with
samples under tensile stress and exposed to either an oil or air environment. The test
was continued until the samples failed by breaking.

The results of the Teflon tests were found to obey the expected type of relationship.
The performance of the material differed in the temperature regions below and above
250 F. This type of behavior occurs under nonradiation conditions and usually is attrib-
utable to a phase change or to the predominance of different reactions in the two temper-
ature ranges.

The empirical equations applicable to the results of the Teflon tests are:

(1) For temperatures less than 250 F

1576.1 (66. 79 + 0. 64064) In r+ 10. 8841Int T T

(2) For temperatures above 250 F

In 585. 7 190.•• 0. 33148 In r + 0. 16639

Excellent agreement between calculated and experimental values was obtained.

Tht: econd study involves The B. F. Goodrich Company's(2 4 ) monomer-synthesis
program to show the effects of the relative position of aromatic ring structures in poly-
mers on the degree of radiation protection. Acrylate monomers have been selected for
study because they produce fairly heat-resistant pol'ym-ers and can be poLymerized using
familiar techniques.

Four groups of moit ,' being synthceizcd or purchased. The chemical
structures of these monuiswt.. shown in Table 8.
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TAflLE H. MONOMERS F~OR STUDIES ON THlE EFF'ECT OF POSITION OP PIlENYL. GROUPS
IN POLYMERS ON RADIATION STABILITY (24

GROUP I GROUP 11

O 10

Ethyl acrylate -il

Ethyl .a-phanyt a Lrylgig

Phanyl acrylate IIJ1
PtwatyI-a-phtonyl acrylate

-C N-Gl -elCZ - 0- CHZrCHj-CHr..CH ri

4-Phenyl butlyl acryltu

41-Phemyl Imtyl-aphaenyl acrylal.

GROUP m GROUP IV

O 0

I 'O-C 1 1It I~- - 'O-CH 5

IAhyl mothacrylato f i
Ethylfti-(41-phonyk butyl) acrylate

0 ~0
I 1 '- -:\d

Cl01 C-C, O(Cz) 4 \

Phonyl molhac rylat.

4-Phanyl b'atyl-",-(4-phenyl butyl) acrylate

CIZ (FCcij -

Phenyl-'I.14.phenyl butlyl) acrylate



37

Because of the various positions of the phenyl groups, Goodrich workers hope to

determine(2 4 ):

(1) The influence of distance of aromatic groups from the nearest rea'ti\,c.

site on the rate of radiation-induced crosslinking (Group I) or chan

scissio; (Group III)

(2) The decrease in rate of chain scission when a methyl group attached

to a carbon atom which also is connected to another group by a double

bond (such as in polyethyl methacrylate) is replaced by a phenyl group

(such as in polyethyl-alpha-phenyl acrylate)

(3) The decrease in the latter protective effect as the distance of the

phenyl group from the main chain increases (Group IV)

(4) The importance of the intramolecular distance of the aromatic ring

from a site of probable crosslinking or chain scission upon radiation
resistance

(5) The relative effect of multiple substitution with aromatic rings near
a probable reactive site.

The third fundamental study of interest is being conducted by Convair( 1 7) on the

effect of sample size, shape, and composition on the amount of energy absorbed from a

beam of monoenergetic neutrons. The effect of sample composition was studied by de-

termining whether the energy absotbed by a compound could be calculated using a simple

additive process on data obtained for samples composed of only one element. They

found that this additive process can be considered valid over rather wide ranges of com-

position, provided the elemental data are obtained from samples similar in size and

shape to the sample under consideration.

The effect of sample shape on energy absorption was also studied. Right circular

cylinders and rectangular parallelepiped, speared to be equivalent, but spheres

absorbed loes energy by a factor of about 1. 6. Other factors found to be important in

estimating absorption are anisotropic scattering and cross- section resonances. Neglect

of these factors resulted in underestimating energy absorbed by a factor of about 8. 3.

SOVIET STUDIES ON RADIATION EFFECTS ON POLYMERIC MATERIALS

The Soviets are studying the effects of radiation on polymers and their published

information has been reviewed for REIC. In most cases, this published information has

contained little radiation-effects data unfamiliar to U. S. scientists. However, recently,

Dubrovin and c -workers(2 5 ) studied the effects of radiation on some compositions con-

taining sodiuum-polymcrized butadiene which are used for Soviet cable insulation. This

work is of interest because the compositions are different from those used in the U. S.

and also becaus,- the radiation resistance of present cable insulation is not satisfactory

ior some applications.

The Soviet work debcribed by Dubrovin included Lhu effects of radiation on sodium

butadicnc. polychloroprene, and Buna-S rubbers. The cunpOlsitiiutS of these rubbers
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are shown in Table A-I. The data given in Table A-Z show that the tensile properties of

a vulcanizate based on Buna-S plus lithium-polymerized butadiene (ShBM-40) steadily
increase as the radiation dose is increased. The tensile properties of two polychloro-
prene-based rubbers (NShI-35 and ShN-40) pass through a slight minimum (10 to 15 per
cent lower than the initial) at 8.7 x I09 ergs g- I (C) (100 mr). The strength of the
sodium-butadiene rubbers decrea.ses much more rapidly. These three vulcanizates,
however, have a nsuch groatcr breaking elongation than the other rubbers studied.
Judging from its tensile properties , Buna-S plus lithium-polymerized butadiene has the
greatest radiation stability, which is apparently due to the presence of phenyl groups.
Data given in Table A-3 show that the dielectric properties of the rubbers are consider-
ably impaired as a result of irradiation. Irradiation decreased the moisture resistance
of the rubbers. After immersion in water, the specimens which had not been ýrradiated
had better dielectric properties than the irradiatedrubbers. The Soviets feel that the
poorer dielectric properties of vulcanizates exposed to radiation are due to their in..
creased content of polar groups, which form as a result of the radiation oxidation of the
raw rubber component.

The rubbers studied were arranged by Dubrovin in the following decreasing order
of radiation stability (estimated 'rom the extent to which initial tensile strength was
preserved):

ShN-40 (based on polychloroprene)

ShBM-40 (based on Buna-S plus lithium-polymer.ised butadiene)

NWhI-35 (based on polychloroprene plus natural rubbers)

TS- 35 (based on natural and sodium-polybutadiene rubbers)

TOMh-30 (based on natural and sodium- polybutadiene rubbers)

TSMh-35 (based on natural and sodiurn-polybutadiene rubbers).

None of these show improved properties over U. S. elastomers.

Two Soviet scientists, Taubman and Yanova, studied the role of gas formation in
the degradation of polymnethyl methacrylate under the action of radiation. (26) They
learned that, below the softening point of the polymer, the amount of gas formed was
smallt but above it the gas formation was greatly accelerated. They explained this fact
by the reversibility of the radiation reaction, which was shown further by the formation
of the treelike crack which originates on irradiating polymers below their glass
temperatures.

Kuz'minskiy and Zhuravskaya(V2 ) discussed the resistance of rubbers to the action
of ionizing radiations. At doses of 4.4 x 1010 - 1011 ergs g-I (C) (5 x 108 - 109 roent-
gens), most rubbers are transformed into a brittle glasslike material. The effect de-
pends essentially on the nature of the rubber. The different rubber types may be
arranged in the following declining series: polydimethylsiloxane rubber (SKT),
butadiene-nitrile (SKN- 26), sodium- butadiene (SKB), vinyl- pyridine, butadiene- styrene
(SKS-30), natural rubber, and isoprene rubber. Butyl rubber is the least resistant to
ionization. Acrylates, chloropren-, and nitrile polymers may be recommcndcd at doses
to 8.8 x 108 ergs g- I (C) (107 roentgens).



Vuacanizates based on butadiene-styrene copolymers retain stiLsfying physical-
mechanical indices at doses of 8.8 x 1010 ergs g-I (C) (10'; roentgens). Hleat and ioniza-
tion resistance were tested simultaneously in polysilicone, urcthanc-isocyanatu, and
fluoro-elastomers. Urethane-isocyanates show good results at doses up to
8.8 x 109- 1010 ergs g'1 (C) (108- I09 roentgens). Irradiation of sulfur vulcan'zates by
small doses leads to the formation of additional C-C crosslinks with increased heat re-
sistance. The radiation resistance of synthetic rubbers is lower than that of natural
rubber. Vulcanization conditions have no effect on radiation resistance. The introduc-.
tion of antioxidants has a positive effect in this respect. The presence of chemically
bound sullur reduces the rate of structure formation. The use of large amounts of
"heavy" fillers, like lithopore, accelerates the aging process. The brittleness and hard-
ness induced by irradiation cannot be eliminated by means of plasticizers, like dibutyl-
sebacate, dioctyl-phthalate, etc. Protective additions are aniline and benzoquinone in
the case of polymethylmethacrylate, as well as acceptors for free radicals, like ni-
dinitrobenzerie, 2. 4-dinitrophenol, etc. "Modified" fillers which absorb various ingredi-
ends on their surface show good results when subjected to irradiation.

Kuz'minsky and co-workers(7 8 ) discussed results of their studies on radiation-
induced polymerization of various elastomers, using gamma and X-radiations. A Co-60
source with an activity of 16, 000 gram-equivalents of radium is being constructed (1958)
to study the radiation effect on raw and vulcanized rubbers and other polymeric
materials.

Vodop'ianov, et a.l. (29) reported on the effect of gamma irradiation on the dielec-
tric properties of phenol formaldehyde plastics. WLen irradiation materials such as
*AG-4, K- 114-35, K--1 l-3, and FKPM-25, with 30,000 tu 30,000 roentgens at 500 to
530 r m 1, the loss of conductivity increases especially in K- 114-35. The most im-
portant angles of loss are observed after irradiation at -60 C and under tropic conditions
(AG-4). The electric strength of the plastics investigated did not change practically after
gamma-radiation. Specific inductive capacitance remained the same.

RADIATION EFFECTS ON SPECIFIC POLYMERIC COMPONENTS

The radiation environment to which components may be subjected may include alpha,
beta, and gamma radiations, and neutrons and protons. Neutrons are normally sepa-
rated into the two categories, i. e., fast and thermal neutrons. A given compoi.ent may
be subjected to one or more of these types of radiation, in addition to other environments,
such as heat vacuum, fuels, oils, and humidity. Hence environmental interactions may
lead to failure where the device would probably not fail if exposed to a segregated envi-
ronment. Therefore, selection of materials is important so that the component func-
tions satisfactorily regardless of the environmental condition.

Thib section presents information on the serviceability of cumponents in raciaLion
and other environments. Component information is preseintu.d alphabetically.

* pt' 'f~~.~lt" t iL| It~lbllql Wt'[L ": mJ~iu ll• llltd
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Adhesives

Information concerning the radiation stability of adhesives is available only for
those types developed for structural applications in aircraft and missiles. These are
primarily used for metal bonding, and beirg orp,.anic materials, are susceptible to heat
and radiation damage.

Irradiation studies have been made on phenolic-epoxy, vinyl-phenolic, nylon-
phenolic, epoxy, and nitrile rubber-phenolic typen of adhesives. Neutron, electron, or
"gamma radiations cause similar damage at similar dosages.

In general it has been found that adhesives developed for high-temperature use,
such as the phenolic- epoxy types, have better resistance to radiation than the thermo-
plastic and general-purpose types. Phenolic-epoxy adhesives, such as Shell 422 3 and
Narmco 25- 1, have excellent radiation stability at room temperature, retaining useful
strength properties to a radiation-exposure dose of 1011 ergs g-1 (C). For elevated tem-
peratures (to 500 F), Adhesive 422 J appears to be the best material tested. It retains
good shear strength when tested at 500 F after being exposed at room temperature to a
radiation dose of 8. I x 1010 ergs g- I (C). A vinyl-phenolic adhesive on a glass carrier,
FM-47, and a modified nylon-phenolic adhesive, Cycleweld C-6, retain good shear
strength at 1011 ergs g- I (C); however, they do not have the high-temperature character-
istice of the phenolic-epoxy type. Most epoxy and nitrile rubber-phenolic adhesives show
good adhesion at room temperature to 5 x 1010 ergs g- I (C). Neoprene-phenolic adhe-
sives appear to be useful to 1010 ergs g-I (C). The rubber-phenolic adhesives are gen-
erally more flexible than the phenolic- epoxy type, but the bonded areas tend to creep
when under shear stress.

In general, fillers improve the radiation stability of an adhesive, although in some
cases at a sacrifice of the over-all shear strength. The curing agent and reactive diluent
used in epoxy adhesives will also influence the radiation stability of the adhesive. Aro-
matic curing agents generally produce more-radiation-resistant compositions than do the
aliphatic curing agents.

Table 9 lists the various classes of adhesives in order of their radiation stability
according to shear-strength data. The known maximum operating temperatures are
listed in parenthesis beside the name of the adhesive. Following is a general discussion
of the various studies carried out on thpse materials.

Epoxy- Phenolic Adhesives

These adhesives have shown good stability after havix. , been irradiated to a maxi-
mum dose of 8 x 1010 ergs g- I (C). They were developed specifically for high-
temperature applications and, therefore, also have good heat stability.

Arlook and Harvey(l 0 ) determined tensile shear strength and bend strength on Shell
epoxy-phenolic Adhesive 422 J at room temperature, 180, 260, and 500 F after irradia-
tion ait ambient temperature. Fatigue resistance was determined only at room tempera-
ture. This adhesive, also known as Hexcel 422, is provided as a support tape, the
carrier being a 112 glass fabric with Volan A finish. The data from these tests are tab-
ulated in Table A-4. Figure B-- I shows the changes in tensile shear strength and bend
strergth at the different temperatures after irradiation. Tests at 500 F showed that the
tensile shear strength did not drop much below thc original value of 1, 600 psi after the
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TABLE 9. RELATIVE RADIATION RESISTANCE Or STRUCTURAL ADHESIVES

1. Adhesives mainnaining good strength propertes after exposure to 1011 ers g"1 (C)

1. Epoxy-phenolic adhesives

422 j ( -65 to 600 F) Shell Chemical Company

Narmco 2601 Narmco, Incorporated

ý4. Vinyl-phenolic adhesives

FM-47 C-6P to 200 F) Bloomingdale Rubber Company

3. Modified nylon-phenolic adhesives

Cycleweld C-6 Chrysler Corporation. Cycleweld D~vision

U. Adhesiva maintaining good strenph properties after exposure to 6 x 1010 ergs 8" 1 cC)

1. Epoxy adMesdv

Rom wU SheD Clinas Cmpwmao
U,,= I(-6IesUsF me.,,

Epao vM(-0 to 200 )
AmsmI A-6 (-65 to 200 F) AssmucaS Products Compay

2. Epiny-TWsdol aedMs

PA-Is Span M
ThIokol W2 Thiokol Corporation

PA-2j Asinm.5 C-1
Thiokol 1P-2 Armstrong Products Company

LCA-ls 9pon 262
Thiokol LF-2

Calcium carbonate filler

LCA -z Anon$ C-1
Thiokol 1P-2
Calcium carbonate fille

3. Nittil rubber-pbeloUc adhesives

AP -6 C-06 to 200 F) Minnesota Minng & Manufacturing Company

,C 1245 (-65 to 00 F) Ditto
Cyclaweld AZ Chrysler Corporation. Cycicweld Division

Metlbood 4021 (-65 to 300 P) Nisrmcu. Incorporated

Plansilock 20(-6b to 300 F) B. F. Goodrich Company

4. Nitrl¢ ruhbelt-¢poxy-phenolic adhesives

Bondmaster 24B Ru bbur and Asbestos Corporation

III. Adhesives maintaining good strength propenies after exposure to 10l0 ergg g-I (C)

I. Ncoprcne-phcnol-c adhesives

Cyclcweld C-3 (46b to 200 ) Chrysler Corporatinn, Cyclcwcld Division

IV. Adhscives maintaining good wti propertics after exposure t,) r x iO!) ergs g" (C)

I. Neoprene rubbet-nyloa-phenolic adhesives

Mutlbund MN3C (-300 to 200 F) Naruico, lascopurated
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samples had been irradiated at room temperature to a dose of between 5 and

8 x 1010 ergs g-I (C). Bone strength changed less than 30 per cent at 500 F after ex-

posure to 8 x 1010 ergs g-I (C) (see Table A-4 and Figure B-2).

Fatigue strength was determined on samples after irradiation to two different

doses, 7. 0 x 109 ergs g- 1 (C) (8.0 x 107 roentgens) and 6. 8 x 1010 ergs g- 1 (C)
(78 x 107 roentgens). Data obtained in these tests are shown graphically in Figure B- 3.

Comparing these data with the control values, it is seen that there were r&, significant

differences between the irradiated and the unirradiated specimens. In both cases, fail-

uro was adhesive rather than cohesive.

Also, DeZeih(3 0 ) irradiated test panels, using Shell Type 422 epoxy-phenolic
structural adhesive, and gamma dosages ranging from 9. 3 x 106 to 1. 86 x 1011 ergs

9- 1 (C). These were tested for tensile shear strength at 75 F. No significant effect of
radiation on the physical properties was noted.

Hexcel 422 J adhesive has also been evaluated in sandwich panel applications.
Johnson and Sicilio(3 1 ) at Convair bonded an aluminum skin to a glass core and deter-
mined core compression, simple beam, column creep, shear modulus, and shear
strength at 260 F. There were no significant differences in properties between the ir-
radiated and the unirradiated parts after an exposure of 2. 4 x 109 ergs g- I (C). Simi-
larly, sandwich panel zests were made on an aluminum skin bonded to an aluminum core
and at the same exposure. No significant differences were noted in properties of these
parts (see Table A-5). Lap- shear tests at room temperature and 260 F showed no change
in either 2024-T3 clad aluminum bonded to itself or magnesium to itself, after an ex-
posure to 2. 4 x 109 ergs g- I (C). "(See Table A- 9.)

Lap- shear strengths were also determined after test sa:rnples were immersed in
3 per cent salt water, tap water, anti-icing fluids, hydraulic oil, JP-4 fuel, and hydro-

carbon Typeo I fuel after irradiation. Again, there was no change in shear strength after
exposure (see Table A-9).

Vinyl- Phenolic Adhesives

Two polyvinyl butyral-phenolic adhesives, FM-47 Tape and Cycleweld 55-9, were
examined for radiation stability. FM-47 is a supported tape, the carrier being 4-mil-
thick 191 lena-weave glass fabric. Cycleweld is a liquid adhesive which does not con-

tain a filler. Test data show that tWe radiation stability of FM-47 is much better than

that of Cycleweld 55-9, and that the use of glass tape improves its stability. FM-47
appears to be satisfactory for service to 1011 ergs g- I (C).

According to the results of Arlook and Harvey( 1 0 ), F*M-47 film, when tested at
room temperature, retained 90 per cent of the room-temperature control tensile-shear
strength up to the maximum radiation dose received, 7 x 1010 ergs g- 1 (C). At a tem-
perature of 180 F, it retained 64 per cent cf the 180 F control strength at a dose of
8. 6 x 1010 ergs g- I (C). When tested at 260 F, it retained 83 per cent of the 260 F coil-
trol strength. The tensile-shear values after an irradiation dose of approximately

8 x 109 crgs g- I (C) were taken as the controls for the tests at elevated temperatures.

All irradiations were at ambient temperatire (approximately 74 F). The 'tnsile-shear,
bend-strength. and fatigue-test data for this adhesive arc listed in Table A-6 and Fig-
ures B-4 through B-6. At 260 F, the shear strcngth had decreased considerably, al-
though -t was not affected to any extent by increasing radiation doses.
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Mixer( 3 2 ) irradiated FM-47 using gamma and beta irradiation. He found that the
per cenc change in tensile-shear strength was similar, providing the absorbec energy
was similar. Hc also noted that the failure was adhesive rather than cohesive. Test
data arc given in Table A-7.

Cycleweld 55-9 increases slightly in tensile-shear strength to a radiation dose of
7. 2 x 109 ergs g- I (C), but, above this dose, both its tensile-shear strength and bend
strength decrease rapidly. (10) When tested at elevated temperatures the chan--e was not
very great, but the control values decreased greatly, so that actual tensile-shear and
bend-strength values are approximately the same as those for the room temperature
tests for radiation doses above 2.4 x 1010 ergs g- 1 (C). Test data for Cycleweld 55-9
are g'-i an in Table A-8 and Figures B-7 through B-9.

Modified Nylon- Phenolic Adhesives

Cycleweld C-6 was the only adhesive of this class tested. (10) For room-
temperature applications this adhesive appears to have excellent radiation stability. Its
tensile- shear stronith increased from 2, 180 psi for the unirradiated material to 2, 510 at
a dose of 9. 2 x 10110 ergs g-I (C). However, at 180 F, tensile- hear properties were
less than 900 psi, and dzopped to 270 psi at 9. 2 x 1010 ergs S I (C) exposure dose. Bend
strength also decreased rapidly after a dose of 2. 4 x 1010 ergo gS 1 (C) when tested at
elevated temperatures. These data are shown in Table A- 10 and Figures B-10 through
B-12.

ftggy Adhosives

Several factors appear to affect the radiation stability of epoxy resins and no doubt
influence the radiation stability of epoxy-based adhesives. The structure of the polymer,
the curing agent used, the presence of a filler, and the reactive diluent all influence the
stability of epoxy resins and adhesives. In general, the greater the aromatic content,
the greater the stability of the polymer. Thus, aromatic curing agents provide greater
radiation stability dan do aliphatic curing agents. A polymer based on epoxy resins
having a ,reater number of aromatic groups is generally more stable than one based on a
structure having fewer phenyl groups.

Mixer( 3 3 ) studied the radiation stability of three epoxy systems, including DEBA
(a diglycidyl ether of Bishpenol-A), Epon 1001 (a longer chain Bishpenol-A diglycidyl
ether), and Epon X- 131 Jcontaining tetraglycidyl ether of tetrakis (hydroxyphenyl) ethane).
These resins were cured with primary aliphatic, secondary alipahtic, and primary aro-
matic amines. He found that Epon X- 131 was the most radiation resistant of the three
epoxy resins when aromatic amines were used as curing agents. DEBA was the least
radiation resistant. He found that (1) the aromatic amine product was far more stable
than aliphatic amine products; (2) chain cleavage of the epoxy resins was in the aliphatic
portion, i. e., in the glycidyl group rather than in the aromatic part of the molecule; and
(3) the predominant effect of irradiation on epoxy polymers was crosslinking.

The filler in epoxy resins improves the radiation stability to some extent. (34) A
comparison of unfilled Epon 828 and an epoxy filled with calcium carbonate (P- I I in
Table A- I I shows the filled resin to be more resistant to radiation than Epon 828, al-
through the latter had higher original shear- strength values.
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In addition to those already mentioned, other epoxy adhecives which have been in-

vestigatcd include Epon VI, (35) Epon VIII, (10, 32) and Cycleweld G- 14. (10) Epon VI andic

Epon VIII were used with Shell Curing Agent A, an alkyl amine (an aliphatic compound).

Epon 828 and P-I I mentioned above were cured with piperidine (an aromatic compound).

The chemical composition of the other curing agents was not disclosed. The effect of

radiation on tensile-shear strength, bend strength, per cent flow under load, and fatigue

for these adhesives is shown in Tables A-12 through A-15, and Figures B-13 through

B-17. Test procedures and conditions were not the same in all cases and, therefore, the

data for these epoxy adhesives are not always comparable. However, in general it

appears that the various epoxy resins teited are about equivalent in radiation stability at

room temperature.

Only two of these adhesives, Epon VIII and Cycleweld C- 14, were tested at elevated

temperatures. Irradiation in all cases was at room temperature. An examination of

Table A- 13 and Figures B- 13 and B- 14 shows that Epon VMI, when irradiated to 1010 ergs

9- 1 (C), has about the same radiation stability in tensile shear when tested at 180 F as it

does when tested at room temperature. Above that dose, the rate of change is greater

for the sample tested at 180 F. At 260 F, t.e serength is considerably lower, although

the changes due to radiation are similar to those shown by samples tested at room tem-

perature. The bend strength ir lower at the -higk'er temperatures but the changes due to

increasing radiation are similar at the three temperatures.

Cycleweld C- 14 behaves differently from Epon VIII (see Table A- 15 and Fig-

ures B-16 and B-17). At room temperature, tensile-shear strength decreases only about

8 per cent at a dose of 2. 9 x 1010 ergs g- 1 (C). Above that dose, tensile-shear strength

decreases rapidly. At 180 F and 260 F, tensile-shear strength of samples irradiated to

8. 7 x 109 ergs g- 1 (C) is less than 200 psi. This appears to be due to the affect of heat

rather than to the effect of radiation. The decrease due to radiation is almost nil. The

same holds true for the bend strength of this adhesive. Cycleweld C- 14 is a modified

epoxy and it would appear that the modifier decreases its heat stability.

Epoxy- Thiokol Adhesives

Thiokol (polysulfide rubber) is added to epoxy resins to give more flexibility and to

improve. adhesion. Four epoxy-Thiokol adhesives were examined for radiation stabil-
ity(3 4 ). Two were based on Epon 828 and two on an Armstrong epoxy resin, C- 1. One of

each of these contained ,. ilcium carbonate as a filler. Data for these adhesives are

given in Table A- 16. An examination of t-iese data shows that the addition of neither

Thiokol nor the filler improved the tensile properties of the epoxy adhesives to any ap-

preciable extent. In most cases there was a degradation of tensile ztrength.

At the highest radiation dose, 8.5 x 1010 ergs g-I (C), the shear strengths of all

four compositions as well as of the two epoxy resins appeared to drop to about the same

value. These adhesives followed the same general trend of the epoxy adhesives in that

they showed little damage at 1010 ergs g- I (C), but significant loss in strength at

8. 5 x 1010 ergs g- I (C). However, the tensile- shear strength of some of them increased

greatly at low radiation doses.

Nitrile- Phenolic Adhesives

Rubber-based adhesivcs have given exc,1lent bonding strengths and are often used

where greater flexibility is required than is genorally obtained irom phenolic- or
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epoxy-type adhesives. Some of these adhesives ha-& very high tensile-shear strengths,
combined with good radiation stability at room temperature. Adhesives in this group
that huve been tested include Scotchweld AF-6( 1 0 ), EC- 1245(35), Metlbond 402(035),
Cycleweld A-Z(I 0 ), and Pld.stilock 620(31). Data for these adhesives are given in
Tables A- 17 through A-20 and Figures B- 18 through B-Z3.

These adhesives generally lose their high tensile strengths at elevated tempera-
tures, limiting their applications to temperatures below 250 F. Their radiation stability
is good at higher temperatures, since irradiation appears to improve their adhesive
strength. Only lowering of the tensile strength appears to be due entirely to heat. It
should also be pointed out that, although tensile strength is decreased at elevated tem-
peratures, there remains sufficient strength for many applications.

Plastilock 620, manufactured by the Goodrich Rubber Company, was tested as an
adhesive for bonding 2024-T3 clad aluminum, 7075-T6 unclad aluminum, and magnesium
and for bonding magnesium to 2024-T3 clad aluminum. (31) The only change in shear
strength due to irradiation occurred with the magnesium-to-2024-T3 clad aluminum spec-

imens. These showed a slight decrease in shear strength after a dose of 2. 4 x 109 ergs
g- 1 (C). Tests were made at room temperature and at 260 F, but irradiation was at
room temperature. Samples were immersed in4per cent salt-water solution, tap water,
anti-icing fluid, hydraulic oil, JP-4 fuel, and hydrocarbon Type M fuel after irradiation,
with no change in shear strength. Data are given in Table A- 17. Plastilock 620 was not
tested above 2. 4. 109 ergs r" 1 (C).

Adhesive AF-6 had an original shear strength of 2, 900 psi which was somewhat
lower than that for other adhesives" in this class (see Table A- 18 and Figures B- 18
through B-20). However, when tested at 260 F after being irradiated at room tempera-
ture to a dose of 5. 5 x 1010 ergs g- I (C), the adhesive retained approximately one-third
of its strength, decreasing to 1,030 psi. Another adhesive, Cycleweld A-Z, retained
some strength at 500 F. The original room-temperature tensile-shear strength was
2,030 psi (see Table A-19 and Figures B-21 through B-23). After Cycleweld A-Z was
irradiated to 7. 1 x 1010 ergs gS 1 (C), tensile-shear strength at 500 F was 370 psi. Ad-
hesives EC- 1245 and Metlbond 4021 had excellent original tensile strengths. They re-
trained tensile strength above 4,000 psi when irradiated to 1. 7 x 1010 ergs g"l (C).
EC-1245 lost this strength very rapidly at exposures above this dose. The Metlbond40Zl
was not irradiated to a high dose, but would probably behave similarly. (See data in
Table A-Z0.) These adhesives were not irradiated at elevated temperatures, so it is
not possible to determine their effectiveness for applications requiring good adhesion
while being subjected to radiation at elevated temperatures.

Nitrile- Epoxy- Phenolic Adhesives

This class is a modification of the preceding class of adhesives. Bondmaster 24B,
manufactured by Rubber and Asbestos Corporation, was tested for tensile-shear strength
after irradiation. (35) It was fuund to be similar in tensile-shear strength and radiation
stability to the nitrile-phenolic adhesives discussed above, being stable to about
5 x 101"0 ergs g- 1 (C). The data are shown in Table A-?I.

Neoprene- Phenolic Adhesives

A neoprene'-phenolic rubber adhesive. Cychewld C- 3(10), decreased on irrad.Lati.gn
at a fairly uniform rate. At a radiation dose of 1010 ergs g- I (C), ia.s Lensile-shear
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strength had decreased by about 38 per cent and bend strength by 54 per cent. The data

are shown in Table A-2Z and Figures B-Z4 and B-25. The changes due to irradiation

appeared to be sirrilar when the matcrial was tested at the higher temperatures. It is

not recommended that this adhesive be used beyond a radiation dose of 10 10 ergs g- 1 (C).

Neoprene- Nylon- Phenolic Adhesives

Metlbond MN3C (Narmco, Inc.), supplied both as a liquid and as a tape with a nylon
fabric carrier, was examined for tensile- shear strength after irradiation to approxi-
mately 1010 ergs S- I (C). (35) Data are shown in Table A-23. Although its original shear
strength is slightly higher than that of a neoprene-phenolic its radiation stability appears

to be poorer than that of other rubber-phenolic types. Shear strength was the only

property reported for this adhesive. The adhesive possibly may be used for some appli-

cations at radiation doses of 5 x 109 ergs g-I (C) to 1010 ergs g-I (C). Lap-shear test
specimens made using 2024-T3 clad aluminum, 7075-T6 unclad aluminum, and magne-
sium were irzadiated in air to Z. 4 x 109 ergs g- 1 (C) and then tested at room tempera-

ture and 180 F. (31) There was no major change in the shear strength at the test temper-

atures. The data are given in Table A-24.

Coatings

Coatings generally considered for present and future use in the aviation industry
are based on the following materials: phenolics, furanes, alkyds, silicone alkyds,

vinyls, nitrocellulose, neoprene, styrene-butadiene, and epoxy. (36) Coatings and paints

prepared from all these resins except polyvinyl chloride and nitrocellulose appear to be
satisfactory for use after exposure to 8.7 x 1010 ergs'g"1 (C) (I x 109 roentgens). The

vinyl and nitrocellulose resins are least resistant to radiation and are only satisfactory
to the o0 10 ergs g- I (C) exposure. Exposure up to 500 F has little effect on a phenolic
coating at 8. 7 x 1010 ergs g- 1 (C).

Additives such as pigments, plasticizers, and other coating ingredients, as well as

the type of surface on which the coating is applied, influence the radiation stability of the

coating. Coatir~gs which are highly pigmented are generally more resistant to radiation
than similar gloss coatings containing lesser amounts of pigments. Carbon black inhibits
damage due to radiation, while toluidtne red has little effect. Titanium dioxide appears
to accelerate radiation damage. Coating systems, expecially lacquers, employing wash

primer become embrittled, and poor adhesion between the coating system and the sub-
strate occurs. Degradation begins at lower doses ior coatings applied to steel as com-

pared with coatings applied to asphalt. Applied coatings, irradiated while they are wet,

do not have the stability observed for coatings which have been dried. Studies show that

Alkaloy (furane base) and Epon-395 (epoxy base) coatings have good chemical resistance
after exposure to approximately 8.7 x 010 ergs g- I (C) (109 roentgens). Amphesive-
801, a modified phenolic, loses its resistance to sodium hydroxide and the organic sol-

vent, hexone (methyl isobutyl ketone), as a result of irradiation. Epon 1001 also loses
its resistance to hexone when irradiated. Epon-395 becomes resistant to sulfuric and
hydrochloric acids as a result of gamma irradiation. The approximate radiation resist-

ance for selected coatings is shown in Table 10.
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iAim.,F 10. APPROXIMATE LIMITS O RADIATION RESISTANCE
OF SELECTED ORGANIC COATINGS

A•pproximnate Radiation Resistance

Coating Ergs g (C oentgens-

Phenolic >4..4 x 1011 >5 x 109

Silicone-alkyd 8.8 x i0 .U- 4.4,x 1011 1-5 x 109

Alkyd enamels
40% phthalic anhydride 8.8 * 1010 - 4.4x 10o1 I -5 x 109
MIL-D-5557

3?% phthalic anhydride 6. 1 x I010 - 8.8 x 1010 7- l0 x 108
MIL-E-7729

Epoxy 4.4x 10 1 0 - 8. Rx 1010 5- 10x I08

Fluorin;.tted vinyl 4 . 4 x 1010 - 8. 8 x 1010 5- 10 % 108

Nitrocellulose lacquers 4.4 x 0 1 0 - 6. 1 x I010 5- 7 : 108

The resirtance of organic coatings to rauiation can by prodicted to some degree
from the data available on polyrners and plautic. However, because of the complicating
factors introduced by pigments, plasticizers, and other coatiag ingredients, exact pro,-
dictions of a coating's reskstance to radiation can be obtained only by laboratury or fibld
tuatilg.

Twenty different experimental and specification coating tiyatems denignated for use

on military aircraft were irradiated It he Naval Air Material Center in tho Aeronautical
Materials Laboratory cobalt-60 unit. 31) Table A-25 identificl these materials and listo
the effects of radiation on the systeims at four different doses. Periodic evaluation of
the systems after irradiation indicat-d the following results:

(1) Most of the topcoats ldtr•k,•d after exposure to only 6. 7 x 109 ergs j' I
(C) (8. 0 x 107 roentgens). High loadings with extender pigment appear
to contribute to the color change, since in some cases the nonspeculaw'
coatings which contained large amounts of extenders exhibited some
color change, whereas no color changes wore evident in their glossy
coutterparcs.

(Z) Nonspecular coatings which contained large amounts of extender
pigments were generally more resistant to radiation, with respect to
softening and ernbrittlement, than similar gloss coatings containing
smaller Arnounta of pigment.

(3) Wheoi coating systemrns, cpecially ldcquOrr.,, emlploying primers

were irradiated, the ' ,n yLftcrn ,tniera•tly becanie e kbrittld ,and
poor aidh asion civ.'¢;io" n.In the (.at1.1g , syste-ri ;old thik mta tal

sai;j[ .'ate.
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(4) No differences were noted between the anodized and alodine- treated.
aluminnum surfaces with respect tu film properties of the organic

coatings.

(5) The topcoats least affected were the white MIZ,-E-5556 enan.el, the

aimber MIL-R-3043 permanent resin coating, an experimental white
silicone-alkyd, an experimental white all-.silicone, and a proprietary
white amine-catalyzed epon.

Screening studies were perforrned at Oak Ridge National Laboratory on Z3 mounted
coatings and on 8 unmounted coatings( 3 8 ) at radiation levels up to 1011 ergs g" (C).
These materials are indentified in Table A-26. Of the 23 mounted coatings tested, only
4 polymer-base types did not fail at the maximum dose used. These were the furanes,
the epoxies, the silicone-allkyds, and one modified phenolic specimen (Coatings 1, 6, 7,
9, 11, 14, 15, and 21 in Table A-27). Table A-28 ahowl; the results of chemical stability
and decontamination tests. The furane-base and epoxy-base coatings (Coatings I and 14,

respectively) showed excellent chemical resistance and decontarninabillty. Two other
coatings of similar polymer base (Coatings II aiwd 15) both lacked solvent resistance
after irradiation. Table A-Z9 lists the effects of radiation on the unmounted coatings.
Of these GE Cocoon, a vinyl polymer was best. It, etained its flexibility but the sur-
faces became tacky.

Minden( 3 9 ) f-und that an epoxy resin primer showed very good radiatioiilt&•ne
when irradiated for 20 hours at 500 kw at 300 F. The total exposure was 3. Z x 1014 n

C11"' (E > 2. 9 Ms,,) and 4. 1 x 109 ergs g- I (G). Baked panels gaVw the optimum radia-
tion resistance and wore resistant to JP-4 fuel.

lhorrocks at AbD(40) noticed a striking difference when different pigments were
usud with tho same resin. White titanium dioxide appears to acculerate damage In nitro-
celluluos lacquers. Tuluidine-red has little effect, whoroao carbon black inhibits radia-
tiun daam i. A valid curnparison of various coating systems thut have been exposed to
ltn:nnin radiation can be made only if the same type of pigmentation is used throughout.
TI1 Lonclusiont is simiar to that found for polyethylene.

Horrocks also reported results of tests performed on six organic coatings: phe-
nlir., vilicune-alkyd ousarnol, alkyd enamel, epoxy, fluorinated vinyl (copolyiner of

trilluurochloro*.thyleno and vinylidene fluoride), arnd nitrocellulcre lacquer, Tw,3 of
them,, nitrocellulose lacquers and alkyd enamels, are widely used on today's aircraft.
The renualnJor eithur are used to a limited oxtent or are being contomlatud for fhture
applications. All of theso coating systems were applied to AZ31 rnagnosiusn ailoly treated
with a Dow No. 7 c:hemlcal-conversi,)n coating.

The coatinigs wore evaluated at three different radiation levels: 8. 8 x 109,
8.8 x 1010, -.nd 4.4 x 10I1 orwus 1 1 (C) (1 x 108, 1 x 109, and 5 x 109 runtgena). Gun-
trols were run on all coatings. Some coati.gs were. oxposed for 50 hours at 250 and
`00 1" following radiation exposure to measure the combined effects of radiation and heat.
"'The results of these teats are presented in Table 11.

Il lncral, irradiated phenolic coatings baked 50 hours at 500 F retain their prop-
crti•s better than any of the other coatings evaluated. The surface appearance of test
panls remained unchanged after exposure. In addition to maintaining good abrasion re-
si.-t.in t0 and adhesion, the coatings were little affected by exposure to 100 per ceont , .l-
-if ivt, }-imidity at 1,-0 F fur 28 (lays.
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Except for some crosslinkiing, utibaked silicone- tLkyd OILALneLs app)ear to he Little
aiflucted by a radiation exposure of 8. 8 x 1010 e rgs g- IC(,) (I x 109 roentgens). However,
a radiation exposure of 4.4 x 101 1 ergs g- 1 (C(I (5 x 109 ,ocntgenm.) produces c rosslinking
and slightly degrades the unbaked coatiag.

Silitone-alkyd coatings not exposed to radiation but heated 50 hours at 500 F be-.
come completely discolored. Thlese coatings experienced partial destruction of the resin

by oxidation, However, there is some evidence that radiation of 8. 8 x 109 and
8.8 x 1010 ergs g- 1 (C) (1 x 108 and 1 x 109 roentgens) rearranges the silic..ne-alkyd
resin and provides it with more heat resistance. Coatings exposed to these radiation.
levels and to heat exhibit better film condition, abrasion resistance, and flexibility than
do unexposed coatings. Exposure to 4.4 x 1011 ergs g- I (0) (5 x 109 roentgens), how-
over, produces oxidation and crosslinking of the resin, and causes the coating to become

powdery and brittle.

After exposure to 8.8 x 1010 erg. g- (C) (1 x 109 roentgens), both red and white
3R per cent phthalic anhydrido alkyd -namels become embrittled and change color. ThiG
embrittlerr.ent is probably caused by oxidation and crosslinking at the double bonds.
Also, after exposure the white enamel e dbits a large increase in abrasion resistance
and a large decrease in adhesion. The rtd enamel suffers only a slight decrease in adhe-
sion after exposure.

Il contrast to the red and white alkyd enamols, the black 3Z per c,nfit ,LjItlic anhy-
dride alkyd enamel softens when exposed to 8. 8 x 1010 orgo g"I (C) (I x L0 rootitgens),
This Increused softness manifests itself by decroasod adhesion arid abrasion resistawcu,

awd by greater ftexibility.

The propertioNs ui the , poxy coatings are severely dogradtd by rudlatloii ox.J'iottre

with oile oxeuptiorl, i. e. , an inc ruauo in the abrasion resistance of uinibhked contingm,
Thti poor r'avitakcick uf CUatings to rUdiatioll is probably duo Lu PXLcc iu C C'MJtcieilinking
Alndi/olr doge~dation of the aliphatic portions of the Ichans. Also, the nietal cott. g bitond
scilorns to be pi'referentIally attacked, as evidoet cd by thie IiLaLkocd djc rin, inl lhn' othiti

.Aftu ' irradi:itll).

Flitorii-atud vinyl coatings are uuwillly fused to provide good aWicAion. ;txpo.utvc of
urifusud coatings to 8,8 x 10 0 ers g- 1 (G) (I x 109 vouentgenmr) t'rbultu i:n improvod ad-
hiiision and abritsiot i resit ltanz-u. I lo eveir, inc-rcasitg radiation pr(ichic e, c: rossilitkilng
tund bonid-breaking degradation, atid causes tihe coatko g to lose its good cohesion and cor-
rtoion romistance. Increasing the radiation level to 4. 4 x 1011 ur'gs g- I (C) (5 x

109 rountgc.rns) caises the uuifutied coating to blister arnd fliaku. (oatingH heated at d-50 F"
sihow similar restiltu excepL that adhetion starts to decrease at a lower radiation level;
thecoietiag begina to peol and flake at 8. 8 x 10 1 ergs g-1 (C) ( I X 109 roemitgen1s).

Extensive degradation of all physical and mechanical properties is exhibited by
white nitrocellulose lacrjoers after exposure .o 8. 8 x 101( rg g- I (G) (I x 109 roeiLt-
gens). The coatings become quite porous and their 'ver- all ondition is poior. The sillO
exposure is not as damaging to red lacquers,; the seu lacquer!; bc('of)c brittto oid ioti-

porotts after expoasure but their adhesion inicroasus.

With the exception of st-rface damag- , the prope rties of the hl;, ck Laicqutcr ;al* ill)-

provted after SiiaXpoa r( ' ttch Coatin go exhibit ;I .. ggllificln t iln ceate ill ugh. a. ; s ni
ad!,hu. hnn.



51

In another study(4 1), llovrocks used a whitc, highly pigmented, porous tsilil.one-
alkyd (Plaskon ST- 873' rosin). The high pigmentation c~auscd it to be relatively hiard and
bi~ittle. The excel~lent hnx-nidity resistance was due to the porosity, which permits frcee
passage of water vapor. The unbaked sample was little affocted by radiation to
R. 8 x 19ergs g- (C) (1 x 1089 roontgens). This exposure produced slightly less flexi-
bility but bettler adhesion. Exposure to 8.8 x 1010 ergs g-l (C) (I x 109 rocotgena5)
greatly increased adhesion and abrasion resistance and slightly decrceased reflectance.
Further exposure to 4. 4 x 10 11 crgt3 g- 1 (C) (5 x 109 roentgens) gave a considerable dc-
crease in rei'lectance, adhesiont, aikd filmn condlition, anid a further increase ill abrasion
resistance.

Baking alone had a considerable effei~i on the sarrple. The coating had begun to
Chat, cracked in the flexibility test, and had less abrasion resistance. Radiation of
8. 8 .1 10 9 and U. 8 x 10 10 e rg g- 1 (C) (1I x 10 and I x 10 roentgens) irniproved abrasion
re ai E;tan ce, flIexibili ty, an d c.ondition of the film. Fu rthe r ra diation. to 4. 4 x 10 11 aer:g

9-1 (C) (5 x 10 roentgens) decr.,a4.,:d these properties.

The author explains that the irncrease of apparent adhesion and abrasion resistance
for the un-baked samples exposed to 1 x 10 8 and 1 x 10 9 roen~tgens indicates embrittle-
ment caused by crosslinking and an inc rease in ac~tual adhesion due to more bonding with
the surf~ce. Exposure to 4. 4 % 10J11 ergs g- (C) (5 x 109 roentgonu) furthor increased
embrittlernent. and dwinraded. the coating; however, thore was an Additional increase in
abraslun resistance.

The change it& properties observed in tho baked samples indicates that thou coating
was stabilized by radiution. This may have o~cucired because ra6. ition causes the mioat
oxygari'lhikile group s to rearrange, giving the conting more oxidation rosisntance, At
dosoo of 4. 4 x 10)11 orgo g- (C) (5 x 10 ruentgemi) thia coating becanit brittle and
pow(In ry.

x1eetricnA 11nsulatioln

F'or mont Insulatoro, primanctit changen in elactricat propnrtiesu with irradiation
are minor, and the Ufa of the insulation depands upon Its resistance to mechanical
damage. Mont plastics used for insulators harden and oventually becomne brittle iii a
radiation field, Thie v'smultu fit peeling an~d ahipping, especisilly under flexure. inor-
ganic insulators, much as corpmicu, glaso, and mnica, and organic -inurgaidIr coinbanutiuns,
such as mnica and glaso %toed with s~llconu or phenolic varnishes, call be used success-
fully in high-temperature and high- radiation envi7 wnrients. Most of the plastics can be
used at mediuat radiation intensities if their toinperature limits art) not e.-cuedcd.
Teflon, however, has poor radiation resistance. l'wcnty--five per cent dainaiig is &"c-r~iwd

at 3. 4 x 106 ergs I (C); however, it has been reporte~d ntseable up to 4. 4 x 109 when
irmmersed in oil. (1-)

The insulation resiistance of cc ~anic mraterials uilud inl cablesi, wive insutlation, oi.
scals may decrease by a factor of 10 -to ()4 for garmnria iiradiatioii rateu of 1(4to
t0 6 r /hrn. This is gene rally a cate effect, but pe ririanunt tain innge raii occum f or In ige total

dosesa. This Ceffec( Could c noSe difficulty inl high- irrapodnlauc Cir ni 1.(3)

B .a si( 2) carrnil~ nut atvkdie s to riete rmi-n e whet. changes, if any, take place in the
d ieloi tric properics of dj~u, t r i ,nn tc ial.s while they ire exposed to nuclear



IL radiation. Considerable data have been published on the subject of permnanent dainago

sustained by materials both in clectrical and physical propcrtie6, babcd on ineasure--

n ents made before and aft,:v irradiation. Very little information is available on traosient

electrical characteristics exhibited within an actual nuclear environment. Teflon and a

pulyutyrene, Rexolite 14ZZ, were used in these studies. The samples were measured

prior to irradiation to establish reference values. Tests were conducted immediatc.-ly
upov introduction of the radioactive source and regularly during the period of experi-

mentation. Finally, the samples were evaluated at intervals up to 10 days after their
removal from the ra4'.oactive environment.

The Teflon samples were exposed to irradiation varying from 3. 6 x 105 roentgens
per hour to 2, 5 x 103 r/hr as a function of its distance from the source, Integrated dose
was calculated to vary from 1. 1 x 106 r to 8. 0 x 104 r. The polystyrene sample was
exposed to an integrated dose varying from 4. 2 x 10 7 to 2. 9 X 10K r. Within the limits
of the enperiments perfo'-ined, neither Teflon nor the polystyrene showed a-Ay significant
change in dielectric properties.

It would appear that, as far as total dose is concerned, most common dielectrics
could, be used safely in 1 space vehicle subjected to natural radiation, but that each
proposed material should be considered carefully for transient effects bofore actuAl
selection is made.

Irradiation ionizes silicork dielectrics causing rearrangement of the chomical
structure and the product of impurities. (44) The rearrangement causbe major effutu on
the physical proporties, T'he rearrangenent and the impurititu prouolhed hinvy eil~nlfi..
cant effects on some of tho dieloctric properties. Since soene of the impurities arc
transitory, some of the offectw are also tranibtory, while c'thurv aur; ptkrmnunet. 'l'heute
transitory effects in sone silicone dielectricts are often larger than the I)Q1'tiitiaOrt
effects and occur during, or iilnedintoly afte, r irradiatiun. The tran sillory effects may
limit the l, trforniaine *.if -lilcoun fluids as dielectrics Jurihg radiation ixposture,

In giiSer(l, the physical raupertiot (of siJicome fbi -As, cunoptindu, solautunkertoi a;tie

rosuai are dainagod by krradiation befuro the cassntits diel.ictric propertles a '• sigitifi,
cautly and porrma.ne•tly aftceted, Therufur'c'D tChe uffuctu of irradiatiou usi the physical
piropurtleva treu thi pritwiry LActur in liiiitiiig the performance of Nilionu dielet trici
after radiation Uxp-vsur,.

l±1a stonue r

Irradjatitn dolises of less than Z x 10B erge g" I (C) (2-00 nregarads) have little tai),-
nificant effect on the diehlctric properties of silicone ulautomers. The physical prop-
ertice of silicone eltatoiners, however, are affected by relatively low dosee. After a
dlose of 108 orgs g" I (C) (100 megarade), the flexibility of the 'Iastencr is advt rscly
affected. For thotie numerous applications in electrical and eclectronic ;tplparatus where
extreme flexibility is not required ornce the clastemer is in place, silicone . may be suit-

able for doses of 2 x 108 to 5 x 108 er'u; g- I (C) (100 to 500 megarads). 13ecause of its
heat and radiation resistance, silicone rubber is being specified for cmitrol and iwur
cabbh.1 used with atoniic equilpinent. (45)
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Christensen of Dow Corning Corporation reports that irradiation often produices

the saine gross effects on silicone instlation as does thermal aging. (46) The result is

that thermal aging and irradiation are additive to a certain degree. tie found that silicone

resins used to bind and impregnate insulatiig systems seenm to bc thc nv-tst radiation Vc.-

sistant of all silicone insulating materials. There are few significant effects on either

the physical or dielectric properties at doses to 9. 1 x 1010 ergs g- 1 (C) (1,000 mega-

rads). Wilh proper filler, silicone resins are satisfactory to 10I1 ergs g- I (C). Die-

lectric properties are only slightly lowered at the latter exposure.

Currin and Smith(47) have studied the effect of high te ':erature and nuclear radia-

tion on silicone insulation systems. These tests were made on random-wound equipment,
form-wound equipment, wire and cable, and a complete motor. The silicone insulation

systems and constructions are identified in Table A-30. Values of insulation resistance

for Systems A, B, C, and Dare shown in Table A-.31 for exposure to ra.diation at 200 C
Prii in Table A-32 for exposure to radiation alone. Tables A-33 and A-34 show the

effects of gamma radiation at ruou twiiperatur' and 200 C, respectively, on sillcone.-

rubber formette insulation systems.

Results of tests on silicone rubber uved as wire and cable insulation s'..iw that this
material has some applications at 25 C for doses of 4. 5 x 10 9 to 1. 8 x 1010 ergo g'I (C)

(50 to 20' megarads). At ZOO C, the life in estimated to be between 4. 5 x 108 and
3. 6 x k09 ergs g- I (C) (5 and 40 magarads), depending upon the mechanical requirements

of the application, the type of uilicone rubber used, and the construction of the wire.

Where high voltage, moisture, and flexing of the insulation are absent, life may approach

100 kiegarada at ZOO C.

A ailicone-insulated motor oporat-d satisfactorily fur over 4, 000 hours at Z0O C in

the garm•m- radiation tivid, The ,aotor winding nearest the radiation source received
about 7. 7 x 10 9 orgN g- I (C) (85 ziegarado), Without irradiation this insulation system

}ta a life greater than 2,0 yoars at Z00 C. Cnrrin( 4 7 ) states that exporimnntal silicone-

rubber formnulatiouks are being developed that appear to be more resistant to radiation

than those evaluated, Prel iznhry testot indicatu that these new materials are smrvice-
able after exposure to high temperatures akiri o.veral hundred mregarads. Themo
radiation., resistant silicone rubburs are not yet available comnirnrcially, but de•ign
engineears CaLI k.tlclpate thir hvailability for future applications.

Further proof of the reliability of uilicone imaterials used in insulation isj given by
Javitz. (4H) fle rup-rtu tho findingu of Currin and Dexter, Dow Corning Corporation, in.
studies of dielectric properLics of sillconeu during and after irradiation. Samples wore

exposed in air at 25 (" to a multikilocurie cobalt-60 source emitting gamma rays to
approximately 1. Z5-Mvluv onergy. Duty cycle was about 2-0 hours "On" and 4 hours "Off"

per day. Doses of 9. 1 x 10( and 4.5 x 1010 ergs g- (C) (100 and 500 inegarads) were

supplied. Table A-35 shows the dielectric properties of silicone fluids, clastoomers, and

resins after irradiation compiro-ac with thosc prior t.-, irr.diation. These resins show

greater rcsittanice to radiation effects than any other types of silicones. Dielectric
properties of the filled, solventless., silicone resin and a modified silicone wire enamel

were ebsetialy unaffected by 9. 1 x 1010 e.rgs g- 1 (C) (1, 000 megarads).

A small li,,ear decrease in dielectric constant and dissipation factor was oboerved

with the silicone elastomers, partic•lulirly at frequencies under 100 cycles per second.
As would lie expected, the major effects on elastomers were physical; they increased in

hardness and lost flexibility. Silicone elastomers may be sjuitable in applications where
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a high degree of flexibility is tiot rtequired at. dosecH to 4. 5 x 16010 ergs g- I (Q) ('300 nieg;-a
rads,). It is possible that reinforcemnent with gla~ss clothi may cxtend life.

ill tile snoarticl.,( 4 8 ), Javitr. rtoprts tha~t the dielectric constants of 8ilicone ma-
terials~ decrease slightly during radiation in a field equivalent to dose rates greater than
1. 8 x 106 ergs g-I (C) (0. 02 megarad) hr- 1. Tile dissipation factor increases consider-
ably when a s~trong radi~tion field is applied while resistivities decrease. Data in
Table A-36 indicate that the silicones are suitable As diei-ectrics when the radiatlcn dosBe
rate is kept at 9. 1 x lo6 ergs g- (C) (0, 1 rnegarad) hr- 1.

The General Electric Comp~any, Cincinnati, studied the serviceability of ronirer-
ciaily ava:Iahle silicone-~ rubber- insulated cable of the types used in jet engines. (49)
Serviceability was judged by flexing the cable after irradiation. These materials were
scored excellent, good, fair, and poor. Good materials could be flexed 180 degrees ton
to twelve times without failure, while poor materials could be flaxed only two or three
times without failure, Table A-37 lipts the results of preliminary irradiation of
vlectrical-c~tblo insulations and Table A-38 identifies tho materials tested.

Neoprone, SBR, and silicone elastomers have been evaluated for use as electrical
insulation. (50) The neoprene and SBR insulation compounds became relatively hard and
lost their flexibility at about 1010 ergo g- 1 absorbed dorso (100 niegarads). Electrical
properties fur those compositions were not determined alter irradiatiun.

Some cumbined environmental tefito on S1311 rubber have been made. An S13IM wire
insulai ion wae irradiated at room temperatuire and at 1 58 F. (11, " 1) The Irradiatud
tiamnplt) wore theit testLed at tbasu sayne temporatures. Theme dats4 KXr sunkritarIzod ini
Table A- 39). For cuniparative purposes, the off ect of heat a~ging without; irritdiation
is included in tho tisble, At the radiatioin eposureH. umed, the comibined eoivi ionncait of
heat (15~8 F) iand irradiation cnuzod _ýiily slightly greater loam of tenmilti ooirvn1 .,th and
ol~ungatiuii than did heat alone. 11ardness incriauoed to a slightly gloatecr value whuti thu
material wai) irradiated Lhcan whoii eubjOeted to heat aloneL, but thu ctsigoM 1ii hardliess
wus abouit oquivalunt regardless of whother exposure to aad(i~ttlOn Was at IoUVAII teinpuliti-
turu or at 1 58 F. Saikples containing antirjmdu wer'e ii150 to slxd. 'k1hey did nut, ;ipptJltr to
ilinpiove the ratliatioli iitability of thu S131( wire inoulationi at either room~ teniper~iture or
the 1 58 F oxpo~iureti. Thu SUR wire ikiiulation was one of tho m-ont diln-rNstt
coufllnkorc jul com~poiutionn to stod by Thell 11. F. aGo'drieJ co. 0 1, -S 1)

S131 wire- InsUL"Ation compounds wer'e tunte(I In). con erarsuoi &iut whon Irradiate~d
in air awl in alkyl diplionyl ether. (5 1) Sain-liles were (ozf~prousud Z5 per cent anld irrnt-
diated while comprussed. After irradiation thle comipressiona Hut was detcrmined.
Tab~le 12 lists the dose rtiquired for 50 per CMnt set 11-1 Well as th-e coMPressiori set after
exlioIsurc at !i. 7.3 x 10 rgs q- I (C). It may be ueen from this tahlv that compressionl
Het inicreases when the Ilad~erial is irradiated under compression, but that the com~pres-
siont set when irradiate-d Is about the same, whether irradiated in air or in alkyl di-
pheniyl uther. Goodrich worker-s found that S13R showod no greater resistance to
radiation-i nd~iwor compression act than It~rile ruibber or neoprene. (51)
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TAB'.E 12. ROOM-TEMP2RATURE COMPRESSION SET OF SIBR WIRE INSULATION
IRRADIATED IN AIR AND IN ALKYL DIPHENYL ETHER. (C 1 4 -C16)
HYDRAULIC FLUID( 51)

Preirradiation Compression Set Dose Required
Compressioa Set A.fter Exposure fI'r 3.( Per Cert

Average Average at 5. 23 109 Coinpression
Time, Set., Ergs G (C), Set, ergo g-

Antirad -Medium days per cent per cent (C) x l0- 9

None Air 46 33.9 83. 3 O, 70
Akroflex C Air 45 33.9 80.0 1. 39
Quarhydrone Air 46 40.7 87.8 0.78

None Hydraulic fluid 69 8.9 74. 8 0.87
Ak-ruflex C Hydraulic fluid 69 7.5 74. 1 1. 64
Qulnhydrone Hydraulic fluid 66 2. 3 74. 3 0.91

Plastics and Resins

With plasti~e, phyjiicl propurLies grnerally degrade before electrical properties
are seriously affocted, However, their elcctric:al reciutanct gradually decreasei with
time during irradiation, recovering after removal from the radiation field. Polystyrene
and p'olytthylene show good insulation properties to 1013 and i01Z ergb g'" I (C), respec-
tively, while the electrical resistance of mica-glass tape impregnated with silicone resin
is vi.tually unaffected up to t014 ergo g- I(C). (52, 53)

Silicone resins, in general, are much more resuistait 1o radiation than silicone
elastorners. The major dielectric properties of Aolventions silicone resin are not dam-
aged by ganirna- irradiation doses as high as 1,000 rnogarado. These doses also have no
oignificant effect on the physical ixtogrity or strength nf this rnaterlaii, AJthough Lhe
radiation resists ce of this niaterial is believed to be typical of thoue s. most silicone
resins, radiation has been fournd to destroy important dielectric propurtievs of one silicone
molding compound. These diCAectric properties, how,,ver, are rostored to a con, ider'-
sble degree by subsequent hih-temperature exposure.

J. W. Ryan( 5 4 ) reported irradiation tests using (1) General EleaLtric reains 81132,
and 115Z3, (Z) phosphnahesstot, paper, and (3) No. 3552 mica tape. The first material
named is a silicone varnish having excellent heat-resistant properties. It is enert to
moisture and to acid and base attack. The structur, of this material is

F FL~ GH3 1
-(["'"-Si- 0--.Si.. /I t 0 "•"

Gilt

It watj cliosen 1bcausc~ of its high pht till content.
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G. E. 1154 3 isi a siLicc.ne-holichd heavy-weave .liass-iabric aflhe lLo, It is oUvt-
ta i dilg fkX its hCait- r,-si sta t and flame-retardant properties. It can withstand temptora-

LtUres to ?50 C.

The phosphoasbestos paper was prepared by iirpregnating an asbestos mat material
of an average thickness of 15 mils with a saturated solution of diammonium phosphate.
It was then cured at 400 C for 6 hours. Prior to their use for this study, the materials
were impregnated with a silicone oil of uakuown type and composition.

Tha mica tape was made from selected pieces of mica, hand laid between two
layers of paper. The mat was then impregnated with a silicone resin and given a partial
cure.

Table 13 lists the observations of appearance and condition of the irradiated insulat-
ing materials. The phosph•..Nbcstos paper was tho most stable material testcd. Be-
caaise its mechanical properties are poor, initially, it is generally used with a varnish
or resin. The mica tape appeared to have undergone a selective decomposition of the
binder, which became brittle. The mica flakes were not discolored or affected to any
a,)prceiable degree. The dccrease in abrasion resistance has been accredited to the do-
gradation of the varnish, rather than to decomposition of the mica.

TAMIA 13. OBSIERVAT'IONS OF A.PPEARANCE AND CONDITION OF'
IRRADIATED INSULATING MATERIALS(a)

Insulating Maturialu Color Ghango Crazing Cracking Comments

Exposed at OAk Ridgo(b)

SililUune (U. 1k 811,3Z) cable 'T' arna'a! dark brown Slight None 'raabritthed
coilm

Silil' .-egmlisH kG. E. I 1ýZI) TVM''not dil- Irown bNou Maw Nolne Pt'.brittlud

Silicuaae (C E 81134)" T'urmad (lark brown Slight Slight Mica unaffected
lhaprugaaated #3r.5Z

Expos!d at 1roukhaven(c)

Silicone (G. E. 81 13Z) cable Turned green Heavy Slight
coils

bilicone-glasB (G. E. 115Z3) Dark brown None None Eznbrittlod
lainiflate

Silcone (G, E. 81132)- Resin tm-rned greeti Slight Slight Mica relatively
impregn•ated #.355L a 51naffe(ctvd

(a) Hyan, .. W . "llck A l'dc l.jdialion on lAvctri(!.0 [ li th"ll", ModernrilPlastic, at (8), 138- ])H a I Iia).
sh 'oa v 1,,'o~rr ii t.k 'R''a.W . ,3 n , a• •ID

( 1•,,• •.•l~ s•dt ,I l R~ld gv',l 1103• 11%1.' lV[
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The results of these tests show that the dielectric properties of silicone insulation
materials are not permanently affected. to a significant degree by garnnma radiation.
Dielectric losses during irradiation are no higher than before or after the exposure.
Currin concludes that, since insulation must perform both electrically and physically,
the effects of radiatioci un physical properties limit the life. (55) At ?.5 C, the expected

threshold dosage is between 4.5 x 109 and 1.8 x 1010 ergs g- - (C) (50 and ZOO megarads).
At 200 C, 't is between 4. 5 x 105 and 3. 6 x 109 ergs g- (C) (5 and 40 regarads), de--
pending upon the insulation cLastruction, the requirements of the application, and the
silicone material used, For many nuclear applicaLions, this life may be a number of
yea-s, depending on the radiation intensity involved.

The dielectric strength of an insulation structure composed of mica-glass tape
impregnated with silicone rubber wavs studied at General Electric Company, Schenectady,
New York. (56) Klein and Mannal reported that the presence of radiation lowered the
breakdown voltage as a result of ionization. An increase in dielectric strength was ob-
served. This is consistent with the fact that the particular silicone used undergoes addi-
tional polymerization under irradiation. It should be noted that the change in dielectric
strength is only about Z5 volts per 8. 8 x 109 ergs g- I (C) (108 roentgens). It is far
smaller than that usually observed on irradiation of organic insulation structures.

in certain desilin applications, it becomes desirable to seal the insulating structure
in iA hernwutic enclosure. Under this condition, the tendency of solid organic materials
to evolve gas when stubje•ted to nucleav radiations can be determinant in the design.
Figure 10 shows the rate of gas release from a silicone-varnish-imnpregnated f'a, imile
winding as n function (i time as dateritined by Klein and Mannal. The volume of gas
evolved show, no decrease in rate after a period of about I mnonth. The fractional corn-
pooslun sums then to be approximately coatutant. Diffsrent grouping of molecular fr'ac-
tions t!han is obsurved under nuclear radiation results from high-tenAparattire pyrolysis
of the maturialb ('l'Tble 14). The authorti cunclud., therefore that the processes induced
by radiation are substantiLally difforunt than normal deterioration of insulating nuAterials
due to tumapuraturo.t0.04 112O C Og

0 CH4

0.031

X" 1Gas-accumulation periods

U 0.02 t

S% ,4-4--

0 200 400 600 90C0 1000

Totol Exposure, mi:l ion roentgons A-32750

FIGURE 1U. RAI'E OF GAS EVOLUTION FROM (i. E. SR- 3.-1' SII•GCNE RESIN
AS A FUNCTION OF TOTAL ACCUMI1LATED IX)SE( 5 6)
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T'ABLE 14, GAS EVOLUTION FROM THIN FILMS OF SR-32 DURING

PYROLVSIS (F'LM THICKNESS 10-3 MM)(5
6 )

Evolution Rate.
Time Kaemp, microliters miii Composition

15 min 90 0.5 Methyl trimer, tetramethyl;!lane and
low-molecular-weight aiianes

30 min 95 ..
40 min 135 0.25 95% C 6 H 6 , 4% H 2 0, 1% trimer

70 hr 135 0.004?. 95% C 6 H 6 , 4% trimer

3 hr 150 -- C6H6, H 2 0, cyclic trimer, tetramers

16 hr Z20 -- 50% Ct6 H 6 , 20% hexamethyltricyclosilane

Mylar has been tested as insulation in small motors. (57) It became slightly brittle,
but remained serviceable at 428 F when exposed to a dose of 1. 4 x 109 ergs g- IG)
(1,6 x 107 rep).

In ineulativA itudies, it was found that magno't~it.lplIfiors encapsulated i•n an
epoxy rosin changed color when irradiated to 5. 1 x 10 orgs g- I (C) (6 x 1D7 rep); how-

ever, there was no other evidence of deterioration.

Three types of epoxy potting :ornpoundtl were teated at the Marquardt Corporation,

Nuclear Systo.ns Division. (58) These resina k howd good niochanical stability to com-

bined noutron and gatimia irradiati.n at tumpo ratures lfu, whi:h the revin, wore 'orrmu-
,atud. Iiol'v.ver, such cuisipoundo are probtbly of lirmited ti4ofulno em becausen of the

effects of nuclear heating.

Miller and Livbschutz(")) report ttevvuro crazing of stitresid polycthyleno irradiated
to high dosuu, lVolyuthyhcjw-inwldated thmurnicouple lo.v.d wireo texposod to a gamma
exposure dok~o uf Z. 5 x 1010 WrgF g' I (C) crazed Consideriably in the streustid aream.
Vibration disludgLid tjteutiontj of the c-razed inuulationi.

A polyethylene wire insulation reached a threshold ;it b. 7 x 10 9 egs g" I (C)

(I x 108 ruuntguns) according to another repovt. (6O) This agrueu quite well w::th the
stability of l~olyuthylene as givnri abovr,

PolIypropylene hats beeii examined for radiation stability and found to be inferior to

pulyothylene. At an exposure dclse where polyethylene has degraded by 45 per crent,
polypropylene has beconme useless. Even at room temperature and low relative humidity,

it is too brittle after irradiation for use as eulctrical insulation. (61) At an (eyposure dose
of It. 7 x 109 ergs g- I (C), it beui.,,ets brittle ar loses all of its elongation and most of
its tensile btuýet gth. (61)

Bendix Systems Divisioii, Ann Arbor, (63) irradiated a ntuiber of !lec:troni' COl--

ponwonts unode r v."rying no.itron fkiuxs. Radio Set SN/ARC-34, Modulator M13- 198, wr,*
( lwralted in a ruc( tLer c-livironij ientl. for 335 hour, al t varying rec toer powor levels ,.!quiva-

let to &I,2 lmours it a I nlll'gawaitl. i-vel. Tills Imodel Wai, eyipovd to a total nleut-ro Iflux
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of approximately 4. 35 x 1016 nvft at the face and 2.44 x 1(16 at thu, far end, resulting in
an over-all average of approximately 3. 4 x 1016 nvft. The over-all average gamnnma
dose amounted to approximately 1.45 x 10 9 r or 1. 27 x 1011 ergs g- (C). The following
conclusions can ',e drawn fromn the results of this test: (1) transformers of open Iranme,
cast-epoxy type construction are preferred over the hermetically sealed, potted types,
(Z) printed-circuLt boards of ceramic or glass--fiber- epoxy materials should be used in
place of phonolic boards, (3) all point-to-point wiring should be done with glass-fiber or
epoxy- insulated wirr

Five types of epoxy insulating and potting materials were also irradiated in the
above tests. The integrated fast-neutron flux at the end of the experiment was about
1. 3 x l016 nvht. This integrated flux is based on an average fast-neutron flux of
9 x 109 nvft for the samples being irradiated. The measured fluxes at the individual
sample positions varied from 7. 9 x l09 to 1.0 x 1010 nvft. All types appear to be suffi-
ciontly radiation resistant to be used in petting applications up to integrated fast-neutron
fluxes of 10A6 nvft.

The effects of gamma irradiation on the thermal-aging lives and the electric
strengths of a wide range of magnet wire insulations were determines by Kallander. (64)
These experiments were conducted by? exposing the insulation samples to the radiation
field and then to the thermal and/or voltage fitld.i. It ip realized that the effects of ex-
pcsure to radiation iollowed bjr exponure to temperature are not necessarily the same as
the effecto due to the simnutanuoua exposure of the insulation to the radiation and thermal
fields. ConsetiyAently, the information obtained should be of value in designing and evalu-
ating electrical equilprnoent which may be either advertently or inadvertently (such as an
atomic or nuclear blast) exposed to radiation and then placed in an operational status,

it was found that radiation affects the thermal and electrical properties of the dil-
ferent classes of insulation to a widely varying degree within the limits of radlation dose
considered, The extent of the radiation damage ranged from 'very little daii.ags, to the
pulyester combinations even at the highest dose considered Z, 63 g 101 A ergs g'I (C))
(3 x 108 roentgens) all the way to total, or almost total, destruction of the tetrafluoro-
ethylene combinations, even at the loweot dose considered (8, 8 x 109 ergs g- (C)]
(I x 108 roentgens). The modified polyester, silicone enamel, glass- silicone, polyvinyl
forrnal, polyvinyl forchal-nylon combination, and epoxy combinations all give intermedi-
ate results.

SeveraL miniaturized connectors with dielectric niaterials, such a. phenolic,
silicone resin@, silicone rubber, melamine, and glass-filled diallylphthalate were ir-
radiated at the Convair Ground Test Reactor at Ft. Worth) Texas. (65) During irradia-
tion, the leakage resistance between adjacent pins on the connectors decreased to about
one-tenth of its initial value; after irradiation, all units returned to, or exceeded, their
initial leakage resistance within 15 minutes. On the basis of preliminary information,
polyethylene, silicone resin, and vinyl insulation nmatcrialm appear satisfactory in both
electrical and mechanical properties. There was, however, evidence of some radiation
damage, including HCl outgassing in polyvinyl chloride.
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Film

Myl-a r

Oriented filmns appear to have greater stability than the random polymer. Mylar

(polyethylene terephthalate), an oriented polyester film, has been reported stable up to

1011 ergs g' (C), absorbed dose (109 rads), when subjected to electron radiation, (57)

On the other hand, Narrington(U0 ) indicates Mylar reaches threshold damage at in ex-

posure dose of 4. 4 x 108 ergs g- (C) (5 x 106 roentgeno) and 25 per cent damage at about

8.7 x 109 ergs g- (C) (108 roentgens). Irradiation in vacuum to 8.7 x 109 ergs g- (C)

produced the same damage as 4. 4 x 109 ergs g- I (C) in air, indicating that oxidation

plays some part in the damage induced. Thermal aging of Mylar is unaffected up to ZOO C

(392 F) by irradiation, except at levels above 1010 ergs g- (C).

The electrical properties of Mylar are stable to an absorbed dose of 1010 ergs g-
(108 rads). During irradiation, the dielectric constant and dielectric loss undergo sig-

nificant changes, but they recover on removal from the radiation field. (67) It takes about

12 days for a 2-mil specimen to approach a quiescent state after irradiation. Dielectric-

loss constant and dielectric loss show no permanent t js-rate effect. With respcta to

some properties, however, Mylar does exhibit a dose-rate efftct. (67) The effect of ra-

dlati.on on Mylar is genekally less at higher dose rates. For example, ltlectric strength

(voltage breakdown) is considerably reduced at lower dose ratest7) , but at higher dose

rates the chazage is not nearly as great.

Polyethyln

Polyethylene is unaffe#Lted by radiation to an absorbed dose of 1. 9 x 109 ov'gH g-I

(C) antd Rc~ruem 25 per cent damagf) at 9. 1, P I0) .g." g, I (C). (5) Iloarrlngton "11d
Giberi )k&(40) observed a somewhat lower threshold rl.lut for puiyothylona when irradiat-
ing 3, 5, 10, and 15-mr films. There were no major difforunces in thu radiation re-
sistance, of thesu filhns. All showed a cunsiderabl¢e changu i, pi,,pertles butcweea

4.4 x I08 uor M g"I (C) (5 x 106 rOentgen.) and 8.7 v 101 urgrs t1" (C) (107 r00tLgUtMIs).

The 15-mil flinas showed a greater increase in tensile strength at lower doses than the
thinne r filni.

Polyet~hyleike is subjected to oxidation when irradiated. This is one rea#son that
thin films are degraded at lower radiation dosages thtn thicker films. However, poly-

ethylene shows v(iry little postirradiation oxidation. ( 8) Samples irradiated by coltIL-60
to an exposure (lose of 6. Z x 108 urge g-l (C) did not undergo oxidation after irradiation.

High-density poiyethylenc is much more crystalline than the low-donjity types, and
its radiation resistance may be expected to be different. A 2-mil film of Marlex was

exton•ely brittle and crumbly after 4. 4 x 109 ,.rg, - (C) (5 x !17 roentgefls). Even at

4. 4 x 108 ergm g- I (C) (5 x 106 roentgens) elongation had decreased by 92 per cent and
tensile strength had decreased by 12 per cent. However, according to H-Iarrington and
Giberson(m0)) in thicker filmna Marlex behaves more like the lower density polyethylene.
Table 15 shows the changii in elongation and tensile strength with increasing radiation
expo.;ure for low- and high-density polyethylene.



TABLE 15. MECHANICAL PROPERTIES OF IRRADIATED POLY-TI-.- LENE(2 ,0 )

_Exposure Dose InitialP'nperties and Per Cent Chang
Material and r-oc.ntgen Elongation T nsilc Strongth

Thickness ergs g-I (C) x 10-6 Per Cent A% psi A%

Alathon 3. NC- 10
(0. 003 in.) 0 0 380 1915

4.4x 10 8  5 -3.7 1.1
8. 7 x 10 8  10 -7.9 -?. 5
4.,4 x 109 50 .868 .33.7
8.7 x 1010 100 -95.8 -32.8
8.7 x 1010 100-v(a) -50.0 46.4

Alathcon 3, NC-10
(0. 005 in.) 0 0 510 2330

1.4 x 108 5 5. 1 9.8
0.7 x 108 10 -3.0 -4,2
4,4 x 109 50 -.- 4, -4Z. 5
8.7 x 1010 100 -84.9 -4Z, 7
8.7 x 1010 100-V -67. 5 8. z

Alathon 3, NC- 10
(0. 010 il.) 0 0 570 Z325

4,4x 108 5 ,u 6.5
8.7 x 108 10 -3,3 -8.2
4.4 x 19 50 -81.8 -57.2
8.7 x 1010 lIo -91.6 -57.7
B,7 x 1010 100 V ,65.9 1,6 1)

I
Alathon 3, NC. 10

(0.015 in.) 0 0 450 4330 3
4.4 x 108 5 .. 6 17.8 7
8.7 x 108 10 -10.9 zz.2
4.4 x 109 50 -82. 7 -42.7
8. 7 x 1010 100 ..90.4 -40.2
8.7 x 1010 100-V --73. 1 7.1

Marlex 50
(0.00Z in.) 0 0 600 4Z80

4.4x 108 5 -91.7 -12.7

8.7 , 108 10 -97.8 -35.3
4.4 x 10 9  50 -100.0 -100,0
8.7 x 1010 100 -- --

8.7 x 1010 100-V -95.3 -7.S

,a) Irraditated in a vacuumu1.
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Pot__year bo al t e

Harrington and Giberson(23) irradiated polycarboriate fihinu (Lexan mid Macrofol),
Figure 1 1 show. the chemical and physical changes indutced by eposu re tio gaonuni ra-
diation in air at 25 C. At the initial exposure dose of 4. 3 x 108 ergs g- I (C), these ma-
terials exhibited a slight improvement in both tensile strength and elongation, Both
properties decreased gradually to 4. 3 x 10 9 ergs g- (C). Further exposure to
8. 7 x 109 ergs g'l (C) increased the rate of degradation, but the materials were in good
condition and possessed much of their original flexibility and toughness. When exposed
to 2.6 x 1010 ergs g-I (C), Lexan became quite brittle and could not be tested for physi-
cal properties.

t •owcml @'go a" Ic I

1WO %@"-I W P b -1 .7. -

""j; I. 00

A os010 [I "0 6

FIGURE 11. CHEMICAL AND IPHYSICAL CHANGES IN A POLYCARDONA'TE
PLASTIC, WHICH WERE INDUCED BY EXPOSURES TO
GAMMA RADIATION IN AIR ATZ5 C

The properties of Macrofol were changed about equally for both ulr aind vacutuun
Irradiatlont to 8.7 x 109 ergu S'1 (C) (I X 108 ruOntggns), 'T'his would indicnte that
oxidation does not play a mnajor re/0 in the dogradation of carbonale plaiutics. It i sUg
gosted that chain cleavago or dopulyinurizatiok maty be remponwible for the radiation

P•olyvinyl (ahlo ride

The radiatioit tability of polyvinyl chloride Appears to be directly related to s.tLii-
ples thickness. An 80-mil thick Goon 2046 compound was found to be stable to nucleair

radiation to an absorbed dose of 1. 9 x 109 ergs g' I (C) and chxazxgd by .45 per cenit it
1. 1 x 1010 erg, g- (C). (69) Hlarrington and Giberson(6 7) reported two additional Guun
.ornpoum.ds, 8630 and 8640, had somewhat lower radiation stability. Theue contipu,,iuds

weru 4 nijd 20 mxils thick, respectively, and showed a radiation- sensitive threshuld at an
exposure dose less than 4. 4 x 109 ergs g- I (C) (5 x 10 6 roentgens) nand 25 per cent darn-
age at approximately 4.4 x 109 ergs g- I ((;) (5 x '.U7 roentgens). Table 16 lists the
changes iii elongation and tensile strength found by Harrington and Giberson. 'T'hese
data show that the thicker samples arc the more stable, espec:ially at the lower explu
aores levels.



63

T'ABILE 16. CHAN011- iN PHYSICAL PROPERTIES OF POLYVINYL CHLOIUDE DUE TO IPAI)IATIONC.'?)

ExIsure+ Dose. E__ _o___ Etr Jtt!_
etrgs 8- (w) rocintg •i, !0' Per Cent Pi A PI7

(Coll 8630 0) 0 215,• 5
'n0,10 trs.) 4.4 x IV'• S .1 -25.6

8.7 x 108 10 -21.3 -34.1)
4.4 x 10'; 60 -26.5 -36.2
8,7 x 109 ion -38.8 -31.5

Geoll 8030 0 0 300 2736
o.020 in.) 4.4 x 108  5 4.0 -5,.

8. 7 Y, 108  10 4.6 -6.k
4.4 x 109  60 -19.2 -10.2
8.7 x t09 100 -28.3 -0.0

Geon 8640 0 8 0 22- 3150
(0.004 in.) 4.4 X 10 6 -. ,8 -13.3

8.7 X 10 10 -11.8 -28.1
4.4 x 109  50 -44.4 -.4448.7 /X log 100 -all " -42. 3
8., X 109 1O0-01s) - .1-22.4

Gema 8M40 0 0 328 3680
(0.020 In.) 4,4 X 108 B -8.3 -5.1

i,'1 X 108 10 -M. 2 -4.1
4.4 X 109 60 -22.2 -32.0
8a7 X 10 9  100 -32.3 -31.2

(s) ItrAdiated In vacuum.

Hoses

Standard aircraft and missile homes and couplintgs contain organic polymeric ma-
terials which are affected significantly by nuclear radiation. To determine the func-

tional life of these items when exposed to radiation, some tents have been conducted at

uontrolled conditions of temperature, pressure, typo of internal fluid, and radiation.-
exposure rate. Dun& N, a solvent-reuistant synthetic rubber, and Teflon, a

temperature- resistant plastic, were the home materials used in most of theme tests.

Table 17 smrnmarizes gamma-radiation tests conducted by General Electric-ANP

Division, Cincinnati, Ohio, under condition, simulating actual operation for a npncified
time or until leakage occurred. Of these two types of hose materials, Bun& N was
affected iess by the radiation and appeared to be functionally oatisfactory at exposure
doses up to about 4 x 108 ergo g- (C), at temperatures up to 350 F and static pressures
of 1, 00 puig. An intermittent-preoaure teat (0 to 1, 000 psi&) at 350 F indicated Buna N

to be watisiactory to at least I x 108 ergo g- I (C).

The Teflon-hose tests at aimilar conditions showed that this material failed at
lower exposure doses - about I x 108 ergs g-I (C) for static pressure and I x 107 ergs
9-1 (C) for intermittent pressure. The exposure dosage-failure relationship was practi-

cAlly independent of temperature from 100 to 350 F. An empirical correlation of dosage,
time to failure, and temperature was derived, (8)
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Nitrile--.rubber hoses(16) we.r. uSed by Barnett and Baxter at. Gene'al Elctric in

simulated turbojer. accessory systemns. They were satisfactory at temperaturus from

190 to 300 F at a gamina dose of 1. 75 x 108 crs g-l (C). The fluids x-sed were MIL F-

7024 fuel, MIL-7808G lubricant, and a high-temperature hydraUlic fluid, S0-4ý. Fluid
pressure was varied from 75 to 1,900 psig at 10 cycles rer hour.

Workers at The B. F, Goodrich Go. 0 1,51) conducted tests on the combined effects
of radiation and elevated temperatures on rubber compounds. In these tests a hose tube

stock, based on Neourene GN, was irradiated and tested at room temperature and 158 F.
The results of these tests are shown in Table A-40. This stock was also irradiated
while compressed 25 per cent, and the compression set determined, Table 18 giveb the

cornpression set after irradiation both in air and while immersed in an alkyl diphenyl

ether (C 1 4 - C16) hydraulic fluid. Neoprene; is reported to swell badly in the alkyl di-
phenyl ether hydraulic fluid.

TABLE 18. COMPHESSION SET OF NPOPRENE AIRCRAFT COMPIIUNDS IRRADIATFD IN AIR AND AN ALKYL DIPHENYL

ETHER (C 14 -*c1 ) HYDRAULIC FLUID65)

Dose Required for
Preifradla.lon Coigipr.;slon Set Compreslion Set After 60 Per Cent

F"O•-•n Average Time, Average Set, Expolute at 6, 23 x Compresilon SeL,
Compound Antliad ment day$ per cent 1090 Ers U-1 (C) 100 Ergo 'CI (C)

Wire None Air 46 40.3 81.1 1 q5
irnulatlon Akroflex C Air 45 46, 0 "8., ,. 31

Quiluillyd4IC1e Air 40 49.4 '19,2 1.57

Noi1e Hydraulic 10 07,4 oil. 3 1. 00

Akwflex C fluid 84 40, 1 83, 8 1, bH
Quihlhydrone 07 31. 0 70, 7(a)

PaCking None Air 40 20. 4 16,3 1301

comipound Akroflex C 47 10,21 75, 8 2.18
Quinhydione 4t 42.0 82.3 0 10

None Hydraulic 73 8, 7 014 ,1 1.22
Ak;oflea C fluid 71 7. 1 70,7 1.80
Qulnhydrone 72 23,0 701, 3 1.20

Hose tobe None Air 48 30, f. 74. 1 1,118

stock Akroflex C 48 42. 7 ?0, 1 1.00
Quihtlhyone 48 32.7 119. 1 1, Coi

None Ilydratilic 70 05. 1 77. 3 I. U1
Akrnllex C flu1d 07 0,7 715. 1, 1. 32
Q|,In• ytlronv Gl; •0. , 7'. 3 1 07

(a) C ntrnlite'ision set af•er exposure at 4.36 x 10 9 vrg$ g=I (C).

Laminate s

The reinforced plastic rnaterialb curtrently 1ns((d Lu v tu U 1 'tnrt' appli(cation'; in Oil-
craft consist primarily of glass fabrics larninaed with a thermnsietting re.sin. '"i'h



principal o eganii bindcrs generally used for these laminato s arie Silicone s, phe10nolis,
polyesters, heat-resistant polyeaters., epoxy, and heat- resistant epoxy resins.

Several si~icone, pheno1liC, polyrester, cpoxy, and polyurethane resins were ex-
arnined by 1'omasjho,(70) as components of glass fabric larninates to be used as pla.-tic
r;adoine n-late vials in a nuclear environment. The rnechanical propertics of 'the mate-

rials were not signilicantly affected, except fur Epon 1001 (anl ePnxy resin) at doves9
th rough 8. 7 x 1010 ergs g- (C ). The failure of Epon 1001 wasi thought to be due to the
catalyst used. The style of weave used in the glass fabric did not noticeably affect the
durability oi the finished laminate to environmental conditions. None of the materials
showed any significant change in electrical properties due to radiation.

These mnaterials were irradiated in a gamma flux, not in a m-ixed flux of gammas
and neutrons. It has not been determined whether neutron doses would adverskoly affect
the glass fabricsa. Also, thc, heat- resistant materials were heated after irradiatiomn;
simultaneously heating and irradiating the materials may give different result%. The
reoults of these tents Rre shown in Table A-s4l.

Ilighbergor( 7 i) irradiated two other radomle materipla, a TAC-polyester lam'inate
and a silirone laminute in a mixed-ilux environment (1. 7 x 109 ergs 9- 1 (C)]I at ambient
temporaturc. Muchanical toots we~re porform-ed loi a dry atmosphere at rool-1i tempera-
turn, at 4r0 F and after -A 1/2-hour exposuv'o, and at 500 F aft~er a 1UU-hour expusure.
Tho polyuster .iiiiiniatt, displayed laws deterioration in acrongth dind modulus when tested
at elevatod toimprrattares, whoreas the milicune laminate was better at romn Lemperu-
ture. The rerailts of these tooto are eurnn irize.d in Table A-42. Mixer, at Stusifurd
Roncvarcl Institutol(7), titudied the, effectu of rftdi4tion nti mtructt' ral lawinutes zanade
frunm eight reuin- ecaidlypt wytotom . 'Ihoso wue~ irradiated to 101 11 ergo W' (C) to do-
turmiaie the tbri' shold forc daiingti. Laniniates irradiated included:

1kasf%- Cata~lyst ýiyntoaa Ru~itfi Typo~

Epuim SZ?1 + Curing Aggoiit A E poxy
L'poza 1 001 + dityu.1dhirnldt
lgpon X- 131 + BF'j400
L-Pon X- 1,11 1- dl,:yialitl~iaz iiil
Samina~c C!~3Z + Iwrozt~y) yeroxido lb] youter

Solectrun 5003 + benzuyl pilroxideI

DC- 2 106 + XY- 16 Silicone

According to Mixer, all of the laniinates8 failed by about SO pe.r c:ent at 101 cegs
(C), uxc ept the phenolic CTL Vl- LI) which maintained all physical, proUpe ti(.s, With

01ic puss ibie e xc eptioli of conhlreuSsivc tstrength, at SOO F~. (See Table A- 41. ) in cuon-
pa ring the work of Mixer with that of 'Ioma~nhot, it will lie noted that there is a decided
drop in 8trtuiigthti of these laminates between the radiation dosesi of 8. 7 x 1010 c rgs 4
(C) a'nd 8, 5 x 101 e rgs g- (C), The only icxc eption i6 the aforementioned phenolic mna-
tevial CTL 91-LI).

Thev vffects of radiaitioi-i on 12 kindsB of lain iziiteb WC r studiced by IBaucecin (~at
Convair, Fort Wo rth, Texas. Of the twelve kinds of lam-iniates, Six Weeinlp e' gnate(I
With phenlmln: resin, fon r with epo)XY resinl, atnd two With PolyesSe r resin. ir-radiatiun
Witj Scai*rit, oujn t a four doic (IC) Se a VISnd at an Uncontrolled ad-Oi(i WentLertlrt



etttn-atcd to lie bul~wcuii '70 aiid 80 F fur the three lower doses anld appro~irnatcly 100 F
for the highest. dobc, Aver age test. results for each st-t of test spcciniens, are tabulated
in Table A- 43. Bauerlein also examined tho effects of radiation on IlTexcel 91 LD and
llt_-:ct F- 120 honeycomb core reinforced with glass fiber. (74) Both materials had at
phenolbe-resfii base. The same temperatures and doses iased it) the preceding work
were used in this experinient.

A review of the four dose-level gioups reveals that no effects due to the varying
dose can be detected. The average comprearive strength of the control specimens and
the avorage specimen strength of each of the four dose-level groups for both types of
honeycomb core are ah.)wn in Table A-44. The di~ffert-nce between the maxim-um and
minimum strength of the !ipecimens within each group ranged from 130 to Z50 psi,
flauerlcin concluded that the compressive strength of neither Ilexcel 911,D nor Hi-xcel
F- 1,20 honeycomb core xeinforced with glaas fiber vas affected by the various dose
levels. ThA hone~yramb cores &,te Piuitable frona a compression standpoint for ure in a
nuclear environment that does not exceed the oquivalent of 9. 3 X 109 ergs g- (G) gamrna
dose. Plans are under wny to study the suitability of these materials under environ-
inental, irradiation conditions. Other physical properties, cuch as tensile strength and
modulus of rigidity, are being studied.

Studies of laminated plastic radomne materials have shown them to be essentially
wnchanged by radiation with rotspect to dielectric constant and loss tangetnt. (4) Their
nalarion isf, therefore, mainly determi~ned by structural stability under conditions of
host, stress, and radiation.

Silicone Laminates

Clasp laminates fabricaUted with aillizuno resins show exce~ptionially good radiation
resiatanuc, Thoy rea J~i a throsibuld of degt'adi~thin whent exposed to gammna- rtidiation
juoses to lo11 exrgs j, (C). (75) Il11,,uioc- idlicott lamnizatoa show vven brettor reuistancee
to radifttion. Hliop uaid Sisinaii(' 6 ) report that the limrdexiing of silicone-glass Inininatco
ijidicates that e rummlintkiag im Uhe proilutaio1-aat radiiation- pruducod proceism.

Kalle r(9) deterniinud the threshold uf degraidation citused by gaimma radiation for
wilicoine- gluou fihwr roir.forcecl lUnliaaaatt- sand 10tudied the Conahlnibilit OffeCts Of heat alait
radiation on thoau lam'natuLs. At rooni tokiuporatture, sil icuon laminates reach threshlold
dAtsiagc.1 at about 1011 argtoV, I JC;). However, tenstilt: utrungth doecrinot drop off unith
2. 49 x 101 11 orgs g- (C). The cu? nbiautaton of heat and rad(iation was no inure dotrinienl-
tiil t~han heat alone to the fiextiral utruugth of theue lairiinateu, fixcalpt at the highout ex-
posure dose Ill. 3 x 101 1 ergo g' (C:)j. (See Table 19. ) The wet flexural stirength of
ifilicne, lamninates irradiated at. B. 3 x 1010 urgH g- (C) is approximantely SiU per rent of
control sitrength. The cumpren sive- teut results after' 1/L hour at 500 F in air ulhow de-
gradation at 8. 3 x 1011 ergs g- (G) and at Z. 49 x 101 1 erjgs g- (C) after a. 2-hour boil,
The tensail - test1 resul11tS after a Z-h1our boil tihow ckegradati .u; at 8. 3 X 101 C19 9gs (c).

Thu results of thies(! tests art! uuminanrirzed in Tables 20 and 21.

Flexto ral- tit rength los a in oilithone- glna s cloth larninate-B irradiated at 5it0 F has
been found to bie dueC to the effe-'t Of hoeat rathe ,. than to i r adi mt ioti (9) The flextiral

ut-th of laminates exposed1 to 41. I,: X 10 ergb g - I(G) at -500 F (100 hrs) was, only
about 15~ per cvnt Leis than thiat of lam inate s exposed to ')00 F' with jitu !rradiatjon?. 1 how-
ever, flexural str ength of thec lain mnat en; exposed to heat alone for the samne period of
tiop.- decr ena cc to apiprcoXinmu, liy -1,! jnr ( crnt of' the or iginval v'altie.
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TABLE 20. MECHANICAL PROPERTIES OF GLASS-FABRIC -REINFORCED SILICONE LAMINATES

AFTER IRRADIATION (9)

Tensile, Compreulve, Compressive, Flexure, Flexnre, Flexural Moduls. 10lLu
2-Hour 2-Hour 1/2 Howr at 2-Hour 1/2 Hour at 2-Hour 1/2 Hour at

Exposure Material Boil, psi Boil, psi 600 1, psi Boil, pat 500 F, psi Boil 500 F

Control Silicone 27,350 4.460 6,440 23,150 12,940 2.05 1.58

8.3 x 1010 34•,•0 6.900 6,000 10,800 13.640 1.93 1.88

2,49 x 1011 33,000 3, 30 7,400 8,110 13,6005 ..

8.3 X 1011 19,240 -" 1,180 1.650 5,950 2.42 1.31

TADLE ),. MECHANICAL PROPERTIES OF GLASS-FABRIC-REINFORCED
SILICONE LAMINATES AFTER IRRADIATION AT ELEVATED
TEMPERATURES(9)

Radiation, Expositre Ultimate Flexural
109 ergs Temperature, Time, Strength, Modulus,

Material Test X" (C) F houvse psi 109 04t

S•licoke Flexure No"ri Rooma None 31,760 3.06

8, 3 Room 200 31,460 2.94

None 500 50 12,390 1,90
2, 1 100 50 13,625 2,0

None 500 100 13,410 2.0
4. 15 500 100 11,720 2.0

N.'jIe 500 ZOO IA., O60 2.0

8, 3 500 200 9,860 1.9
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Asbestus-silicone laininates have becn tested at room temperature and have shown

no apparent change in properties(7 7 ) to an al:'orbcd dose of 1. 1 to e. 0 x l010 ergs g'l

(C) (1. I to ?. 0 x 108 rads), At 6 x 1010 ergs g'- I (C) (6 x 108 fads). tensile strength

increased 10 per cent, shear strength decreased 5 per cent, hardness increased 5 per

cent, while the gas evolved amounted to 7 ml/g.

A silicone-glass cloth laminate exposed to a gamma flux of 1. 3 x 1011 photons

cm'Z sec-I for a period of 3 months suffered neither color nor dimensional changes.

Assuming an average photon energy of ! Me;v, this is a dose of about 5 x 1010 et ag-1

(C). Howex'er, it. insulation resistance jumped from 102 to 9 x 103 megohms. (Ak) Thus,
it appears that fillers such as glass cloth improve radiation resistance,,

Warrick, Fischer, and Zack(7 8 ) studied the effect of radiation on two silicone
resin-glass laminates, DC-.Z106 and DC-2105. The results of these tests are presented

in T~ble ?,Z, At room temperature tho 1axural strength decreased app'roxirnatoly 12 per
cent for DC-2,106 and 35 per cent for DC-2105at 8.3 x 1010 ergs g-I (C) (109 rads). At
250 C, and the saknc iadiation dose, the flexural strength of the nouirradiated samples

had dropped 64 per cent for DC-ZI06 and 90 per con!: for the DC-Zl05 resin. After ir-

radiation, the drop in these values at 250 C was 57 and 75 per cent, respectively, Thus,

it appears that the degradative effect of heat alonse Is greater than that resulting from a
combination of heat and radiation.

TABLE ZZ. EFFECTS OF RADIATION ON MIICONE-GLASS LAMINATES(78)

Flexural S~tretigthp Psi

After 8, 3x 1010 ErgsG- I (C)

Resin Original (109 Rads)

Tested 25 U

Z106 41,406 J6,2•O0

2105 40,700 26,.500

Tested 250 C

eiu6 14,700 17,600

2105 4,180 9,970

Samples of MS 2103 and MS 2104 laniinatts ssade with Y-227 glass cloth, duppliud
by lothergill and Harvey, Limited. Lithleborough, Ia;kncshir', England, were press

cured for 30 minutei at 175 C. ( '4) Flexural strengths were measured at L50 C after
exposures to Z, 7 x 10 9 ergs g' I (C) (31. 5 Mrep) of garimia rays. Since no Imrrovement,
tiuch as would be obtained with an oven cure, was noted, it is apparent that the radiation

dose had little or no effect, even though such an amount of radiation has a large vtffect

on dimethyl silicone rubbers.

At an in! .,grated dose of Z. 5 x 10') ergs g- 1(G) j 6 x 1014 n c:m"Z for fast nettrons,
6 x i013 (0vo)t for thermal neutrons, and 5 x 1016 photons cm"r' for gartimia raysl,
Johnson and Sicitio at Convair found that tensile strength and tear resistance declreCaf;d

for Orion laminated with DC-X-601',A silicone. (80) (See Table A--45. ) No significant
"change in thcue saoiie properties wats noted when Dacron was l.aniinatecd with DC-X.-

6015A silicune. Glass c( nAh lanmin autd with 4iii.xone (i-stfor;iiaibl, sh(!ct) showed ;I d,.-
crcats. in watecr absorption and dielectri-n strength an.d a.n in( trease in arc r, J'i ;t-Icc.

No significanit differi-ncus wr,. noted a'L other properlties at thi6 doste.



Phunolic Laminate q

As nicntionid proviously, phenolic, polyt,.stc-r, Ctpw>:gy and siliconk laininat, s had
been irradiated to 8. 7 x 1010 ergs g- I (C) bya'ltumashot(70) a WADC. Koller( ) ex-
tended this study to include doses to 8. 3 x 1011 cr'gs g- (C) at both rooin Lernpertihtru c

and short times at 500 F and to 8 3 x 109 ergo g (C) for tong times at 900 V. The re-
sults of Ueie tests arc presented in Tables 19 and 23, respectively.

TABLE 23. MECHIANICAL PRItOI'Ei.ES OF GLASS- FAUIC-HEINFORCED PLASTIC LAMINATES AFTER
IRWADIATION AT ELEVATED TEMPERATUR0I:)

Exposire Uiulimnic FIeCural
Exposure Dose, Teiuipvrature. Time. Sini'•luls, iMlodulti,.

Maleriai! Test 109 ergs "1 (C) P hiournr psi 106 pAL

Silicone Plexure None Room None 31,160 %. 06
8. ý! Room 200 31, 4V0 2.94
None 8UU 60 12, 390 1. 90
2.1 600 60 13,626 2.0
No411 600 100 13,410 2.0
4.15 6)0 100 11,120 2, D

1100 200 14,060 2.0
8.3rO 200 9. H80 1. D

Ifest-reiilitnt epoxy Compression None Room None 48,080
8.3 Room 200 40,060
None 600 80 .,705
2.1 b0o 50 n, 7A0
Noiie 000 100 4, 090
4. 15 600 100 b, 450
Nunu 600 200 4,720
H.!I 801) MU0 I, 360

PFinvilt Iexure None jI01,1 None 84, 852 4, 22
H. :1 Ilo0 200 81, 040 4., :I6
Nuilil b00 60 27,300 0. 14
2. A 500 8au 56.020 3, 40
Nonw 500 10o 1,1,000 2.02
4.* I 500 l00 4,, 010 3. 61
None 50g 21)0 12. 330 2. 1M
8.3 0O0 200 1rr44b 2,41

The phenolic laminate maintained all its physical properties after 1/2 hour at
500 F after a radiation ,done of 8.5 x 101! erg: g' 1 (C), with the possible exception of
compressive stren th (Table 19). At 550 F (Table 23) and up to an exposure dose of
4. 15 x 109 ergs g1 (C), thti flexural strengths of the irradiat.ofphenolic larninates were
approximately twice those of the phenolic laminates subjected to heat alone, At
8. 3 x 109 ergo g- (C), the values were slightly higher for the laininates irradiated at
500 F.

Phenolic laminates were also irradiated to exposure doses of 2. 1 x 109 ergs gI-
(C) (50 hours) at temperatures of 500, (600, 700. 800, and 900 F. (81) Control :lp,,i,,ens
were tested after 1It2 hour at the test tempo r ,, Lit re with nio irradiation. At 500, 600, ;),id
900 F, jle, ural strengths of the ii-radi. o .I nt.,atus .r, higher than ths0b (of thu con-
trols. At 700 and 800 F, they wore al.:) Thus, (onibi:ld heat ;1nd irr;ldia;ttiu
('ai5.1 no 01s)l, 11 jit'hjit l(ss, ( 0'I elii itl tor ju)('lliu;it |vII ;I)Iit'it, 1L))i) d()i,!, h



lemperalure alone. Yeller points out that a phenolic system ordinarily deterioratus

when exposed to elevated temperatures in the presence of air due to oxidation. He sug-

gests that it is possible that: irradiation inhibits the oxidation anxd that crosslinking takes

place.

Polyester Laminates

Polyester laminates also show good radiation stability. Johnson and Sicilio(8 0 ) ir-
radiated several types of glass fiber-polyester laminates used in aircraft construction to
a total dose of approximatol, 2. 4 x )09 crgs g-I (C) (6 x 1014 fact n cm'2,
6 x 1013 (zIve)t, and 5 x 10 1 gamma photons cm' 21. No major changes in th2 physical
properties of the laminates were found after this exposure.

Keiler( 9), in an effort to determine threshold damage for laminates, irradiatad a
regular polyester and a heat-resistant (TAG) polyester to 8. 3 x 1011 ergs g- 1 (C). When
irradiated at room temperature, the TAC-polyester reaching threshold damage between
8.3 x 1010 and 2.49 x 1011, ergs g-1 (C) was less resistant to radiation than the regu-
larly cured polyester which reached threshold damage between 2. 49 x 1011 and
8.3 x 1011 ergo g- (C) (see Table 19). These laminate., were not irradiated at elevated

temperatures.

Epoxy Laminates

Keller( 9 ) tested a heat- resiotant epoxy and a regular epoxy laminate to determine
the dosago for threshold damage at room. temperature. Both lamikiato contained glass
fiber as the reirforchig agent. The rugular epoxy hkintnate reached a radiation thres-
hold damauge momowlhat boyond 1. 5 x 1011 tir•gii g1 (C), but a hlgntfiiait. lo,)xs of strength
did not occur utitl U. 3 x 1011 uitlts g- I (C). Th., I.-t'rcatsidut upuxy ruslsx ulauwed sonte
de, ,uauIion after an exposure do-o ot 8, 3 x 1011 orgm g'I (C). (See Table 19.)

i. addilttUl to roum-twiapuritture studiem, the heat-roesistait apoxy lanilnatut wam

iri'adlatwd at 500 F fur ZO0 hours to a total exposure dous of 8. 3 x 109 ergs 4- 1" (C).
Comprommivo mtrength dropped considurably wlkn lakiinatum were subjected to huet alohn,
However, the effect of heat and radiatiol toguther w0S4 icit as eVt:.,v as that ut huat alone
(see Tlable Z3).

]Polyurethane Laminaten

Iloaiuiai( 8") reported on the physical properties of a new urethane luflinate. In

this work the lffectu of radiation (Cobalt-60) on fleUXid.al strength and modulus and weight
lu4s were determined. Very little change in either flexural strength or nmdulut was
noted up to a dose of approximately 7 x 1010 ergs g- 1(C), the highest dose reported.
Wuiglat remained constant to about 1. 75 x )010 crgs g l (C) and then began to drop, with

I per cent loss being noted after 7 x 10 10 -rga g- I (C).

'lonat jhut( 7 0 ) tite-rnmined the ultimatte flexurat aid riatwise rompressive strength :4
of polyurethane foam sandwhilc const ruction after irradiation. The foaril SndwiCh bim-

pi.es 5ho)wed no rc(hiction in niachanical urOperlios up to 101 1 erga g- 1 (C), the tarpjtst
dt.,ce to wl-i h the s rnplc.v; were subjected.
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O-R.__ing s and B]ackup Rint.ns

0-rings made from a nuinh,.r of rubber types have been evaluated under radiation.
For high-temperature applications, Viton A (coplyrner oi he.,afluoropropylcono and

vinylidene fluoride) appears to be the best available material for 0-rings, although its
j.,adiation resistance is not as great as desired. However, in inany applications it is
serviceable.

Trepus at Boeing( 1 3) tested Viton A 0-rings in MI,O-8200 or Versiluba F-50
hydraulic fluid during irradiation at 400 F. Radiation exposure dobes were 8. 39 x 108,
8.39 x 109, and 8. 39 x 1010 ergs g- 1 (C). These rings were installed with spiral
Teflon backup rinigs. Samples irradiated at 8. 39 x 108 ergs g- I (C) retained most of
their elastomeric properties and sealing ability. Those irradiated to 8. 39 x 109 erge

g" 1 (C) became considerably harder but still retained their sealing ability. Exposure to
8. 39 x 1010 ergs g' I (C) caused the O-rings to become v.:ry hard and brittle and to lose
their sealing ability. Those irradiated in MLO-8200 soaled better under all test condi-
tions (static pneumatic and hydraulic pressure and pulsed hydraulic pressure) than did
those irradiated in Versilube F-50.

Miller at Lockheed( 1 4 ) tested an clectrohydraulic flight control for 380 hours at a

temperature of ZOO F and pressures up to 3, 000 psi. The exposure dose was 5 x 101 ergs
g1 (C). Oronilte 8200 hydraulic fluid and Viton A wid nitrile rubber 0-rings were used

iii the system. The Viton A 0-rings sealed perfectly in the stat,€ seals although they

underwent pronounced cornpresslin set. With dynamic seals, Viton A permitted some
loa-cage during the final stages of the toot. The physical propertisa of the nitr4de rubber

0-rings changed less than those of Viton A.

IZn a subsequent test, MacCullen at Lockheed"',1I) tested an electrohydraulic servo
test loop containing Viton A and Buna N (nitrile rub.bbr) 0- rilngo. Oronite 8515, a rnodi-

fication of the 8200, was the hydraulic fluid i. sed in the sysLarm, The test was conducted

for 260 hours with an average radiation dome rate of 1. I x 107 ergo g' 1 (C) hr k. Fluid
temperature was maintained at 275 F, and the pressure was 3, 000 psi. In this test, the
Viton A seals leaked and did rit perform satisfactorily. Thim was attributed, in part, to

the fact that the seats were slightly undersize due to shrinkage when molded, and in part
to the synergistic effects of temperature and radiat.on. The Viton A rings, exposed to

1. 4 to 4. 9 x 109 ergs g- (C), were very brittle when removed, although they recovered

considerable elasticity after removal.

Barnett and Baxter at General Electric(16 ) ran four Z00-hour thermal- radiation
tests on simulated turbojet accesuory systems, Three fluids, MIL-F-7024 fuel, MIL-

L-7808C lubricant, and a high-temperature hydraulic fluid, OS-45, were separately
used to test four high-temperature clastomers, Viten A, nitrile rubber, neoprene, and

a fluorinated silicone, LS-53, a. temnperatures ranging from 190 to 300 F and at a
gamma dose of 1.75 x 108 erga g-I (C). Fluid pressures ranged iron,. 0 to 1,000 psig.
Viton A, nitrile, and LS-53 rubbers were used in 0-rings and Gask-O-Seals, while the
neoprene was used only in the Gask-0-Seals. There were no elastomer failures during

these 200-hour testu.
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A few silicone materials used as 0-rings have been subj ectUd to rdio .ion-d,L mge

tests. Work at tlie Sarah Mellon Scaife Radiation Laboratory, Pittsburgh, Pennsylvania,
,~.d�.L Lld ja.t 5it: t ics 160 and 181 show fair resistance to radiation damage. (18) In

these tests, the 0- rings were bombarded under nonfunctioning conditions (not holding a
vacuum seal) in an external deuteron beam of a cyclotron. 0-rings that had absorbed

Sx 109 ergs g-I (C) from the deuteron beam showed littic da iiage and held a vacuum

seal after irradiation. Although they were damaged conaiderably, Silastic s 160 and 18 1

held a vacuum seal after" absorbing 2 x 1011 ergs g- 1 (C). These m.aterials cannot be

used for vacuu-n seals after absorbing 1012 ergs g- 1 (C).

Stewart and Palmer (83 investigated the use of a high-temnperaturet rubber 0-ring
as a static seal in a 590 F pulse amplifier. Of the silicone rubbers considered for use in

this application, Dow-Corning's S-2071 and S-675 stood out as having soine promise.

Tests showed the S-2071 rubber to be satisfactory for better than 100 hours at 590 F, but

the rubber was found to be very unsatisfactory under the specified radiation level of

2 x 109 ergo g'! (C). Wire insulated with S-207i wan exposed for 24 hours at 106 r/hr
at 500 F. After this very short exposure to radiation, the Olicone rubber insulation wag

badly embrittled and cracked.

Dow-Corning conducted combined temperat re and radiation tests on S-675, S-2071,
and S-2097 for 100 hours at 400 F and 0. 1 megarwd hr-I of gamma radiation. The S-675

rubber was the least aifected by this exposure but it showed soime reduction in
elongation.

Although there are many characteristics in favor of the silicono rubber 0-ring,

the linited useful life i,,t 'he required nuclear radiation levels and 590 F temperaturus

precludes its use where service life in the order of 100 hours or more is a requirement,

DeZeih(8 4 ), of Boeing Airplane Company, has tested General Electric Company's

SE-551 (muthyl phenyl-type silicone clastonier), SE-371 (methyl vinyl-type silicone
elautomer), Viton A, a high-temperature Thiukol, and Teflon as materials for 0-rings,

Tho spincimeno wvere between 1 and 1- 1/' inches in diameter and 0. 00% to 0, 139 inchehi
thick. No vistblo changes wo're observed for Viton A or SE-371 at U. I x 109 orgs g'-

(C) although t1w, silit.one materials broke when. handled. Thiokol. showud no viuible
chrnges Lat 4. Z x 109 ergs g- I (C) (the h1ghest dio~ at which it was tested). Teflon wais
cotpletely crumbled at 8. 3 x 108 ergs S-l (C). it was concluded froan these teLie that

high..temIperAI ture Thiokol and Viton A exhibit good properties after high radiotion doses,

while the elastorners &1E-551 and SF,- 371 have limited use in nuclear envlronncntu. 'The
sanples, however, wore not tested under service conditions, and the sise of thu sanrplIs

was small.

Convair reported the changes in mechanical properties of a natural- rubber O-riwq;
material irradiated while under stress. (05) The recipe for this stock, having a Shore A

durometer hardness of 35 to 40, is given in Table A-46. Samples were irradiated while
under 25 per cent comnpression or while held in 180-degree bend with a 5/8-inch radius

at the bend. Both control and irradiated samples were held in this condition for a total
of 30 days, including radiation timn. The specinens, both stressed and unstressed,

were irradiated to three o-xposurc levels at anbi-nt temperature. Mechanical p)roper-
ties of this rubber before anid after irradiation are given in Table A?47. The .-onlprus-

sion set after irradiation is given) in Table A-48.
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The results of these tests show that natural rubber irradiated while under stress
decreases in tensile strength and elongation to a much greater degree than does the un-
a rebusd rubber. Also, compression set of the natural-rubber vulcanizate buttons de-
creased by 55 pcer cent when the samples were irradiated while unstressed, buT com-
pression set of the 0-ring segments compressed during irradiation increased fronL 6 per
cent for the control to 80 per cent at Lbe highest dose. At the two higher exposures the
permanent set in the 180-degree bend wars 100 per cent.

Newell, of Convair, offers the following explanation for these results. The pro-
d-omiawt reacLion during irradiation of natural rubber is crosslinking of the molecules.
When the rubber is under comprossion during irradiation, the crosslinking tends to set
the rubber permanently in the existing strained condition; when the rubber is irradiated
unstressed, the crosslinking results in a harder and more rigid structure which tends to
resist subsequent compression set.

Newell also found that the stressed s:'nnples cracked badly on the outside of the
180-degree bend where the rubber was under tension. At the two higher exposure levels,
sirilar cracking also occurred In the compression buttons. This cracking was believed
to be due to the ozone content of the atmosphere in the radiation field. 0-rings irradi-
ated in the grooves of the chamber dooro did not show this cracking. This was due to
the lack of contact of theso O-rings with ozone on the outside of the bend, since this per-'
tiun of the 0-ring wara in contact with the pool water.

A comparison of natural-rubber and diisocyanate polyester O-rings is presented
in Table 24.(80) These results ahow that, at 3 x 1010 ergo g- I (C), the hardness of the
polyester did not change from its original value, while the natural rubber , ,anged from
70 to 95.

The importance of seal and groove design han been the subject of a study by
Trepus and co-workers at Bosing Airplane Company. (13) Rectangular, V-shaped and
tapercd-bottom grooves wer- te-ted ucing 0-rings made from a Viton A compound, The
temperature of the test jigs was raised, in 100- degree increments, frorn room tempera-
ture tu 600 F and back down again with pressure checks at each temperature level. The
rings were aged from 2 to 12 hours i t 600 F.

Trepus found that the principal factors causing seal failure were permanent set
and shrinkage of the O-ring duo to the high temperature. The temperature-cycling tests
indicated that the O-ring. took a permanent set after prolonged exposure to high temper-
atures and pressures, causing slight leakizge when the temperature was lowered. A
relatively high squeeze on the O-rings was necessary for cealing over a wide range of
tempuratures to overcome the effects of permanent set of the O-ring and the difference
between the thermal expansion of the seal and that of the sealing gland. In these tests
V- and tapered-grooves failed to improve seal life. Data are given in Table A-49.
These seals were not subjected to irradiation. The effect oa groove design on service
life in a radiatio, environment is to be studied later.

O-rings were also tested for use at cryogenic temperatures. (13) The elastoniers

tested were SBR, NR, CR (WRT and GN), NBR, Thiokol FtA, and Philprcne VP-4. None
will give reliable 0-ring seals at temperatures around -300 F.

Convair( 1 7 ) tested nitrile rubber and neoprene WRT O-rings containing 5 parts
per hundred of an antir-ad (Akroflcx C). The neoprene O-rirngs were irradiated in air
ii d int a p'ressure vessel containing Oronite 85 15 at -.50 F and 3, 000 psi for I1I hours
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TABLE 24, COMPARISON OF NATURAL-RUBBER AND DIISOCYANATE
POLYESTER O-RING GASKETS UNDER IRRADIATION (86)

Before Heated in Air Irradiated to
O-Ring Size (a) Treatment 135 C, 306 Hr 3 x 10 10 Ergs G- (C)

eihi: Change, per cent

Naturajrubber Large - +0.80 +2.74
Small - +1.55 +z.61

Polyester Large - -1.16 -0.93
Small - -1.49 -1.17

Hardneo., Shore A

Natural rubber Large 68 90 95
Small 70 90 95

Polyester Large 72 70 77
Small 72 71 76

Density, g/cm
3

Natural rubber Large 1. 2Z6 0. 004 1.27TZ .274
Small 1.1Z3 1.277 1.275

Polycste r Large 1.245 1.236 1.448
Small 1,25Z 1.249 1.249

(a) Iargv r111gs, cross sUcollo1 a 0.008 sq in.
inuall rtigs, Ltoss ccticjiiw 0,003 sq in.
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While theC ilitrile rubber 0-- 1-111gS Were-_ irradiated in MIL- 1,- 7808 oil -it 275 F for the
sarnc length of tinie. Vitoti A with no antirads was also irradiated while i~nunerscd in
Oranite 85 15 fluid at 350 F and 3, 000 psi for 14 hours, Radiation exposure was
1.91 x 10 10erg4; g 1 (C) (gainna dose\ and 1. 2 x 101 11 C1,1"? (E > Z. 9 'Mev). The neoprene
and Viton A 0-rings lost, most of their original resilience properties during irradiation.
The neoprene 0. rxings containing Lhe antirad suffered 10 pcr cent less change in elolnga-
tion than the standard compounds. For nitrile rubber there was no detectable difference-ý.

Backup _Ri.ngs

Backup rings improve the performance of 0-ringa at high~ temperatures since they
prevent the 0-ring from extruding fout of the groove. Trepula 0), marestigating the ra-
diat~ion stability of backup rings, found that all Teflon. and Toflogi-filled rings were de-
teriorated to such an extent that they were unusable after an exposure dose of
S. 39 x 109 ergs p--1 (C). DC Z 106 asbestob-Afilled silico-ne vesin, and SMR 21 /V Z04/SMR
21 outer (VS polymneric Chemicals, Inc.) appear to have possibilities as backup mate-
rials above irradiation levels of 8. 39 x 10 10 ergs g- (C). However, they do not per-
form well as backup materials at lower radiation levels. Before irradiation they are
extremely hard, which results in the abrasion of the 0- ring against the hard sharp
corners of the backup ring.

Convair(137 ) examined Zpocast No. 2 and 100 Short A nitrile rubber an backup
materials for rubber surface seals. Both materials extruded and gripped the moving
surface, which resulted in backup-seal destruction and O-ring damage. However,
Epocast No, Z was satisfactory as backup rin~gs for static meals in hydraulic pump loops.

Lockhe.edO 4 ) found Viton A-asbestos backup rings satisfactory for use in a flight-
control system operating at 200 F' usaing MLO 8200 hydraulic fluid. The irradiation dose
was 8. 77 x 109 ergs g- I(C). In a oubrouquent trult(LM), backup rings made of Viton A-
asbestos, Teflon, and leather (used in a relief valve) gave satisfactory performance in
an electrohydraulic servo loop using Oronite 8515 hydraulic fluid at a temperature of
275 F and a pressu-e of 3, 000 psi. Irradiation done wasn 1. 3 to 4. 9 x 109 erg. g- I (C),
depending on the location of 'the parts in the system. The Teflon ring was brittle, but
maintained a seal. Both the, T.eflon and Viton A-asbestos backup rings ware bonded to
the 0- rings and could not he eleparated without damage when removed.

For specific applications, particularly in contact with oils, exposure doses may
be increased somewhat. Teflon backup rings have been reported to operate 500 hours in
a flight-control system and to withstand an exposure dose of 4. 4 x 109 ergs g- (C)
(5 x 10 roentgen), of combined neutrons and gammas. (60) The only damage to the
backup ring , as, a blight increase in hardness, However, Teflon Bliyers had aroken
off anlid were found in the pump used in the c;ontrol systemn. The edges of the backup
rings were feathered due to bre,.aking off of these, slivers.

Sealants

Bedow 300 F', nitrit n, imoprone_ and Tb lokol elnatoirixes have been use!d as soaL-
alits. Of the so!, 'Illiulool j.- the nio at coniniunly used mtae rial, pa~rtiCuLOarly Ad R10ue- and
oil-tanxc svtla at a. Thu r;id intion tr f'5 i 'trnco (11 'hese cia stomrn s is showni in Tn'dIe 25.
Neopirt not andI iiiU it, ha't ilot 1wel onxpotwd ill at fulet lwni uini and the radia tion re ii~ti tano
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can be jud.ged only by their radiation resistance in air, which is in the rang of
I x 1010 ergs g-I (C) for moderate damage (approxi.mately 25 per cent). Thiokol is
among the poorer radiation-resistant rubbers when irradiated in air. For use above
300 F, Fluorocarbon, and silicone m-aterials have been used as sealants,

Thiokol Sealants

Thiokol sealants were irradiated at 140 F at three different doses while immersad
in JP-4 fule. These sealants were found to be resistant to a dose of 3. 5 x 109 ergsg
(C) but were unsatisfactory at I x 10 10 ergs g- 1 (C). (88) The reduction in tensile
strength at the lowest radiation dose, 9. 3 x i08 ergs g• I (C), was of the orter of 10 per
cent. Elongation showed no change and hardness was reduced 50 per cent. Specimens
showed no visible evidence of degradation. At 3. 5 x 109 ergs g- (C), tensile strength
waa reduced by Z5 per cent, elongation by 13 per cent, and hardness by 16 per cent.
There was no visible evidence of daemage at 9. 9 x 109 ergs g- I (C). The samples were
badly pitted and swollen due to the penetration of fuel through the Buna N overcoat. The
tensile strength was reduced by 68 per cent after evaporation of the iuel. lhiongatlon was
reduced 54 per cent and hardness Z3 per cent.

Throe Thiokol sealazntu, PR IZ01 (HT), EC 80h, and EC 1373 were irradiated by
Convair to a dose of 2. 5 x 109 ergs g- 1 (C) while immersed in JP-4 fuel. Specimens
of those m.terials, Lopcoated with a nitrile rubber, EC-776, wore irradiated in both air
and JP-4 fuel. Although some changes were noted, none of the sealants were degraded
enough to seriously affect their serviceability.

Workers at Convair( 1 7 ) also irradiated three commercial Thiokol sealants, PR,
1422, EC- 161,0, and EC- 1520 in air and in JP.4 fuel. The sealants irradiated In fual
showed more reduction in tensile strength and elongation than sealants irradiated in air,
Laboratory samples of Thiokol sealants which contained a high filler contont (Titanox
AMO or a coribi~nation of Titanox AMO and Calcone TM) were less radiation resistant
than the controls when irradiated in fuel. This decreased resistance with fillers has
also beern noted in elautomirs irradiated in fuel. The peel strengths of the commercial
sealants were apptruxtmat .y the sanie whether they were irradiated in air or In JP-4
fuel. In most cases, peel-strength values did not show a great decrcase until after an
exposure of 10 9 ergs g- 1 C). At a dose of 10 10 rgs g-I (G) peel strength was extrermely
poor, (Sou Tables A-50 thUrough A-54,)

A Thiukol-based sealant, PR- 1422, maintained satisfactory tensile strength and
elongation when irradiated to an exposure dose of 8. 7 x 109 ergs g- (C). Postirradia-
tion aging at Z75 F fur Z4 hours gave satisfactory stress- strain values. This naterrial
is believed to be capable of service at 275 F for lung periods of time.

Three Thiokol-based sealants, were subjected to a dose of 9. 6 x 107 ergs g"I (C)
in a nuclear burst. (89) These acalants became radioactive (100 to 1, ZOO v-nunts per
minute) at doses of 3. 5 x 107 ergs g- I (C) and above.

l1igh- Teatperature Sealants

MAt. ei als usEd a ri high-tenperature sualants ilh the: iaz,, of 300 Lo 500 F are,
Vitoii A, Silicone LS-53, and PI lyme r IF4. Ela stno1re .l2 1() and the new tiitrilt'-
silicon, pj lyinir(91) have also ben,.!n reeoni ,:nhded as Scalaints. Data ;t i, ;1vai6li.le. 1')r
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Viton A and Silic'onc R TV ,i fill aud drain -e alanzts(') (scc Table 25). Viton A Lomposi-

'ions were found satisfactory atecr gamma irradiation at approximately 1 x 109 ergs

g- (C), e, her preceded oi followed by exposure to Jf- 4 fuel at 450 F for 7 dayys. Sev-

eral R'T.V silicoi;e seaLazat compositions satisfactorily withstood exposure to approxi-

mately I x 109 ergs g-I (CU. Exposure to lx 1010 erg g-I (C) caused drops in elongation
to values which are not acceptable in service. The radiation resistance of Vitonl A seal-
ants has iiot been improved by antirads, although beveral compositions containing lead
salts of otential antirads show some promise and work is being continued in this area.
area, (9zr

Fluorocarbon Sealants. Seegman and co-workers at Product Research Company93)

developed a fill and drain sealant, G-59, a brush-type faying- tiuriace sealant, a filleting
sealant, and a tape, all based on Viton A (a copolyrner of hexafluoropropylene and
vinylidene fluoride). These were all satisfactory for use at 450 to 600 F. The G-59 fill
and drain sealants, both catalysis and solution cured, were irradiated to an exposure
dose of 8. 7 x 109 ergs g- I (C). The Viton A filleting sealant gave satisfactory tensile
strengths to a dose of 8. 7 x 108 ergs g- I (C). Alter irradiation to 8. 71 x i09 ergs g-
(C), elongation dropped to 10 to 25 per cent. Two Viton B fill and drain sealants
(dithiol cured)( 9 4 ) were irradiated to I x 10i0 ergs g- 1 (C). Tensile iitrength increased,
but elongation decreased considerably, although not to the extent of the, Viton A sealants.
Data for the Viton B materials are givon in Table 26.

TABLE 26. TENSILE PPLOPLRTIES OF VITON B FILL AND DRAIN SEALANTS
BEFORE AND AF',T'ER GAMMA IRRADIATION( 9 4 )

After Irradiatioj

Before Irradiation at I x 1010 Ergs G' (C)
Tensile Tensile

M% rength, Elongation, Strength, Elongation,
Forrnulation(a) psi por cent poi per cent

G-198-1 680 540 1840 55

G-Z02-1 1470 460 1530 45

Villn U I1o0 100
M~iglite D 10 I0

The1lriax a0 --

SOI SMile 120 20

Durcz 176 10
Dibolzya•.illn e 2
MIHK 322 362

4174 494

1'r,," pretuue befere wlvent dispershi ýWn F/2 fi

Cire 21)() F/I In;

:tiling Sylefll
1lcx flfIIehylhie dlihi' (I IMDT) I .
Tll- r-amrylainirii tI"|AA) 0.5

13. 0
Yl',,( l I15. 0
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The air, of the Fr.oducts Resea,'ch work is to develop futct-res.stant scalaants which

wilL withstand rmiclea r radiation up to 1011 ergs g- I (C) Lt 450 F', and cabin pressurz'/a-

(ion sealaits for us,: up to 1500 F in a ntclear-radiation environment. (95) Several anti-

rocds for the Viton A formulation were tested, but did not provide any increase in radia-
tioi stability. Similar results with antirads were obtained by workers at B. F.

Goodrich. 5 1)

Silicone Sealants. Seegman, and c:o-workers at Products Research Company(
9 3 )

developed a channel sealant, C-37, based on reverted Si!astic LS-53U which is service-
able to 450 F, and a RTV (room-temperature vulcanization) silicone pressurization senl-

ant which is satisfactory for use at 700 F for periods of ,everal hours, depending on the
configuration and environment. These were tested for radiation stability. The reverted
Silaotic LS-53U (unciired fluorinated silicone) channel sealant, C-37, converted to a

Lough rubber at 8. 7 x 107 ergs g- I (C). The silicone pressurization sealant maintained

satisfectory tensile and elongation properties to 8. 7 x 108 ergs g" 1 (C) exposure dose.

Exposure to I x 1010 ergs g-I (C) caused drops in elongation to valuee which are not
acceptable in aervice.

Rooin-temperature cured and heat-cured silicone sealants were subjected to a dose
of 9.6 x 107 ergs u-I (C) in a nur!otsr b'met. (89) The heat-cered silicone increased in
hardness, but serviceability of the soalants was not impaired in this test.

Seals and Oaskets

Materials that aro used for sabls and gaskets may be divided into two groups:
(1) those which are satisfactory for operation up tu 300 F, wid (Z) those for service above
300 F. In present aircraft and missiles, the operating range is above 300 F and, con-

sequently, there is a greater interent in the radiation-resistant limits of the higher tem-
perature rosistant products that are prepareid fro•ia polymers such as the fluorocarbons
and the silicones,

Seals and gaskets have been found tu be more radiation resistant when imrnmeroed

in oil and, as a rsuelt, seals of Vitor A( 6 0 , 96t), silicone( 9 7 ), or ailtrile rubber( 9 8 ) are
now believed capable of ocrvice to an exposure dose of 1010 O5ri g'- (C); whereas, on
the basis of static tests in air, An exposure doov of 108 ergs g- (C) has been considerod

maximum.

Elastorners thot are used as seals o.r gaskets below 300 F include natural rubber,

SBR, Butyl, nitrllc, nooprene, and polyuretLhaics. Plastic materials are polystyrene,
polyvinyl chloride, and polyethylene. The radiation resIutan-e of these polymers is
Lhhvwn in Table 27. The data given are for exposure in air only, since no information
was available as to their radiation resistance immersed in oil or other fluids. Irradia-
tion data on gaskets or scaling materials for use at 300 F ha s been found only for those

prepared from neoprene and nitrile rubbers. This ic probably bocause, at; seals and

gaskets, are resistant to oils arid some fluid& and thtrefore have been used more fre-
quently in aircraft applications.
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For Use Below 300 F

determined the compression set anid softness of 23 vulcanizates after
exposure to 8.8 x 109 ergs g- I (C) (08 roerngens). Sulfur was used for curing all of the
vulcanizates of the several styrene-butadiene and ac rylonitrile- butadiene rubbers which
were tested, except one of each, which were cured with dicumyl peroxide. Other rub-
bers were cured with the usual ingredients. All receipes, except Philprene VP-25,
Viton A-HV, anc the silicone rubbers, contained Philblack A (a fast-extruding furnace
black) as a reiniorcing filler. No filler was used in Philpre-ne VP-25. Viton A-HV con-
tained Thermax (a medium thermal black). Silicone W96 contained HiSil X303, a very
fine silicon; the fillers in Silastic S-Z048 and LS-53 were not identified. Curing condi-
tions and filler content were adjusted so that the vulcanizates had the hardness and re-
sistance to hot compression set of a typical 0-ring seal.

Table A-55 shows the results of exposures to 8.8 x 109 ergs g- I (C). The two
rubbers having the best inherent resistance to gamma radiation were Adiprene C and
Synpol 1500. However, some of the Adiprene C specimens were crushed after being
compressed for 23 days. This effect was evident whether the specimens had been ir-
radiated or not. This behavior indicates that Adiprene C is too brittle for use in gaskets
and seals.

The specimens of Synpol 1500 were not crushed by compression. The stock cured
by diewityl peroxide had batLer t sistanuc to radiation than the sulfue-,. ired stock, al-
though the resistance of the latter was enhanced by compounding with an antioxidant and
a plasticizer which contained benzene rings. For example, Synpol 1500 cured with sul-
fur and containing Thermoflex A antioxidant and dibenzyl phthalate had a high Indentation
and the lowest compression sat (49 per cent) after a dose of 8. 8 x 109 ergs g" 1 (C)
(108 roentgens) of any vulcanizate tested in this prograrn. Acridine, a high-resonant-
energy material, proved to be an efficient antirad or Synpol 1500; it was as beneficial
as the best antioxidant, Sauctflex GP.

According to Morris, properly compounded Synpol t500 (or its equivalent) is con-
sidered the best rubber found to date for use in gaskets and seals where resistance to
gamma radiation is required. This rubber, however, is not resistant to petroleum oils
or gasoline. Where gaskets and seals with resistance to petroleum oils as well as to
gamma radiation are required, Hycar 1072, anl acrylonitrile-butadine copolymer modi-
fied to contain carboxyl groups, is the best rubber to use. Its compressiotn set was quite
low (58 per cent) and its indentation was reasonably high after a dose of 8. 8 x 109 ergs
9-1 (C) (108 roentgens), providing the stock conitaioed a suitable antioxidant, such as
Wingstay 100. If gaskets or seals are to be used in contact with aromatic gasoline, they
should be made from Hycar 1071. This is similar to Hycar 107Z except it cunt;'ins more
acrylonitrile. It is slightly inferior to Hycar 107,, in rosistance to radiation.

Compounds containing precipitated silica as a fillei show superior high-
compressive- stress characteristics. Compounds with fumed silica fillers are sor.newhat
superior in original physical properties, in resistance to confinement at high tempera-
tures, and in compression set at temperature. above 400 F. Diatomaccous silica fillers,
when used alone, furnish only moderate reinforcement to silicone.: rubber compounds.
Di-tertiary butyl peroxide is the best of the catalysts for low comnpression set and may
contribute slightly to improved heat resistance. '|be pronounced effect of heat on virtu-

ally all the properties of silicone rubber indic:'t," - rnaxinium temperature limritatiun of
500 F for their successful use in scal applicAt, . '"iu selection oif materials n-m.2st
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r,.sult in a compromise of desirable properties and should be based on a careful analysis
of the functional requirements of a part to determine the properties most essential to its
effective performance.

The hardnesses of all the vulcanizates included in this investigation, except
Genthane S, a polyurethane, were consistently increased by exposure to radiation. ThuAs,
it appears that the compression sets of these rubbers were largely due to the formation of
new cross links. Genthane S apparently experienced considerable breakage of primary
valence bonds in the earlier stages of irradiatiorn.

HarmonO 1) deterrained the combined effects of radiation and elevated tempera-
tures on a packing compound based on a 60:40 Neoprene W-Neoprene WHV formulation.
The results of these tests are shown in Table A-56. This compound has very poor radia-
tion stability, This, combined with poor retention of properties at 158 F, gave a mate-
rial with very 7w tensile strength and per cent elongation when irradiated at 158 F.

Brooks and co-workers at Convair( 8 5 ) determined the radiation stability of several
gasket materialp, including cork and neoprene (Armstrong DC- 100) and neoprene rein-
forced with compressed asbestos (Palmetto Packing No. 2915). These compounds were
pliable after irradiation to 2. 5 x 108 ergs g- I (C) and were the L..st of the materials
tested.

For Use Above 300 F

Elastomers which are presently used as scats at a temperature range above 300 F
include tho fluorocarbons, Viton A and Elastomner 214, Kel-F ulastomor (copolymer of
chlorotrifiuoroethylene and vinylidene chloride), and the silicones. Plastics used as
seals include Kel-.F and Teflon. The radiation stability of these compounds is shown in
Trable 28. None of the materials have exceptional radiation stability when exposed ih air.
Of t' i elauturners, Kel-F shown the least resistance to radiation and becomes quite soft
and tacky i.t doses below 6 x 108 ergs g'- (C)(1 0 0 ) Viton A, Elastomor Z14, and Polymer
IF4 are about uqcual in radiation roeistance( 1 7, 100). For dynamic applications, they
should not be exposed to a dose greater than I x 1010 ergs rý-1 (C). For Static operatlon,
they could probably be used to somewhat higher doses. Methyl phunyl siliconoes ohow
sornewhat better rosistance; some of them retain flexibility to 3 x 1010 ergo g-l (C).
Tho radiation stability of fluorinated Silicone LS-53 ii fiderior to that ol the other stli-
cones, and properties such as elongation and tensile strength deteriorate rapidly at
5 x 108 ergs S'I (C).

Fluorocarbon. Because many of tAe fluorocarbon elastomers have been found use-
ful as high- temperature sea?ýs in diester oils and fiuids, there has been a great deal of
interest in their radiation resistance. Table 28 presentn, the radintin ,'.•istance of
these compounds when used as seals and gaskets. The most in.ercating factor found in
irradiation studies is that many of them behave differently oi irradiation in dicster fluid
than in air. For example, Griffin(1 Z) found that, when Viton A and Elastomer 214 were
irradiated in air, they began to get soft and tacky at 6 x 108 ergs g- (C), but they sur-
vived I x 1010 orge g- 1 (C) in diester oil at 400 F with retention of rubberlike properties.
in argon gas, however, an exposure to 5 x 108 ergs g- I (C) at 400 F caused a 75 per cent
loss in tonsilo strength and elongation. At 500 F, the same dose caused a complete loso
of wseiful properties. This was more severe than in the presence of the diester oil. Ocn
the other hJud, Griffin stated that Polycner ]F4 (a polymer of I, 1- diiiyilropel rficiorobityl
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a crylate) reta:\.ned ruibberiik~c pi'opertie s alterc all exposure ci I x 1010 e rgs g- (C) in
65 F air but, when exposed in the prooncc of 400 F diestcr oil, the same degree of dlam-
age occurred at 5 x 19er(ýs S" I (C) , or at one--half the d-ise.

It is not certain in this case whether the presence of the. oil causvid zin adverse or a
beneficial effect. General Eilectric( 5 , 10 1) showed that Mil- 7808 oil extended the life of
Viton A in a radiatiun environment, as compared tc irradiation ill air. It has been sug-
gested that petroleum (and perhaps other oils) mnay be a natural. protective agent against
gamma radiation by ixcfing as a scavenger for free radicals or by providing an effeictive
medium for energy transfer. (7)

Inland resting Laboratoriessj 1 0 3 ) found that Teflon gaskets immersed in oil aut
450 F' would noet hold a seal when exposed to a dose of 3 x 108 ergs g- (C). Felted
Teflon (Armalon), however, retained sealing properties longer than did the solid Teflon.
This was attributed to the resilience of the matting rather Ulan to an increase in. the
radiation stability of the Teflon. fiber. NIowevter, with the particular equipment iused, a
light faco prihnure was used between the gasket and glass, and the felted Teflon acted as
a wick and was not satisfactory for use in the gaskets.

Teflon and Kel-F were examrined as gasket rnaterials at the Oak Ridge National
LaboratL y at a maximum dose of 1010 erngs g- (C). ;either were found useful beyond
109 ergs g-I ((C).( 1 0 4 )

tuiliculnu. Silicuneos are not as resistant to aircraft fluids and fuels as arc tho
ilaorocarhon rtypes. Probably for thiu reauun, thn rovistanco of silicones to radiation in
the presenre oi oils and fluids has not bo~en evaluxte(d. iHowovet-, the vacuum sealing
propertios of silicones ihava been determined during Irradiation, The data obtained
showed that a dirnothyl. silastic; curnputind retained flexibility and In~aintained a vacuumn
seoml to. 2 g 10 11 ergo' &, I (C) eveun though physical properties of the polyknor ware de-
graded. Another silicone rtibber wasn roported to retain its physic~al pruopertio to
109 org. gi- I(G) whiCI ikradiated at roufll teirrperatturo.

In relation to thte higher tem-peratura- resistant materials, Product. Homrnarch
Curtipany P) reportoy that there waio nu obue rvnd dlifferencesM in dote rioration of Tlefloxn,
1(ol-F, and a polydirnethyl Nikoxnafl when irrudiated from 101 to 313 F. It would, thevem-
fora, appcur tUAat the rate of' dx~terloratuon of thnao rnaterilol would not be affected by ii-y
temxpera~ture variation.

The investigation of silicone rubber compouiirlm for static meals tnid gaiskets has
demnoistrated tho impurtancc of teilutc, to valikate theme materials for wpecific peoportiuem
at unvirolnloietakl turniperatures which uainzulate anticipated reqliriiemnnts. Some rula-
tions have been eutabiiuhed between theoc propertiou and compound compobition. Cern-
tain gcencraliiatlons call be in-ade which may serve as a guidde in the tielectton of rriatc-
tials for specific applicatiomlei.

Todd and Miazga, United Aircraft Corporat~ion, (1057) report that silicone comipounds
of 60 to 70 durometor hardneas provide the lowe4t, compressjioni set, but. harder coin-
pounids are superior for high-compressivc.- stress requireuxiwit8.

It was found by Fainniari( 9) that the only reliablu secal material inl a radiation
enioy iPOOiment of 3 x 108 -t-rgs g - I(C) in contact with oil at 450 F was a silicone gasket.
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"Th,,, conimercially available gasket Als'ed was SiLastic 50-Z4-480. It retained its physical

properties to 109 org,, g- 1 (C) at roour teil per:attre. It was tis•d in a WADC deposition

tester for a total of 48 to 50 hours, where it was exposed to toxnperatures ef 450 F aid

doses of 1..2 x 11 9 ergs g-I (C),

A dimnethyl silatstic 0-ring retained flexibility and niaintained a x'acilunr seal to

2 x 1011 ez-gs g- (C), even though physical properties of the polynmer werte almost de-

graded, (1-8) In these experiments an 0- ring bmblmi rd!iauit device -wis q ma de." st0 that

the 0-ring would hold a vacuum seal while being iotated thrre ':h it glyc'erine bath at a
temperature of 210 C and bornbarded by an electron beam. Jtne sample was placed as

close as possible (10 cm) to the beam exit on the cyclotron.

In another test, (84) cupped seal. ringu of ceramic-filled Teflon (Duroid 5600) were
completely crumbled when irradiated to 8. 3 x 108 ergs g-I (C). Silastics 160 and 181

were bombarded with deuterons while they were being used as a seal. (18) The amount

of energy absorbed in the last test where a vacuum seal held was Z x 10011 ergs g-I (C)

for both materialz. The vacuum seal failed to ,iold when 1, 1 x 1012 crgs g-I (C) wr 3

absorbed by Silastic 160 and when 3. 7 x 10!1 ergs g 1 (C) was absorbed by Silaptic 181.

Gaskets have been fabricated from Silicone Rubber 1Z602 and 12603. Table Z9
ahows that the elaatorneric properties of those materials stable at radiation levels not
greater than 8.8 x 108 ergs g (C) (107 roentgunu). However, between 8.8 x 108 and
8.8 x 109 ergs U- (C) (107 and 108 roentgens), therc are considerable changcs in the

pro ertien, largely due to embrittlon'ient processos. After 8. 8 x 109 ergs g- 1 (c)

(10eroeritgens), both types of sillconie rubber deteriorate to a material with approxi-
mately the saiavo muchanical propirties.

TrABLE 29. 1lOW GAMMA RADIATION AFFECrT3 GAJKRIT MATERIALS(105)

Gammia Do.ole Ten silo Strwnuth Elug.lo U_•.1 llardnarti'

Ro: ,-tgers lrgm G-1 (G) PST 1 ,i0 C"/. e % hanlge shortl Change

Silicunili I Z60Z

0 ( 0. Z'17 58 6Z

104 0., 4.,4 -11 50 -. 1 f.5 4.8
)06 0. 260 -6. i 62 6. 9 66 6. 5
107 0. 1. i, 8 .- 5 -57 74 19

108 0. 1541 -46 5 -1)1 95 53

Si iicoli' I 2600

0 0 O. 5581
104 0 S40 2, 7 36 u 8, 0
10 6  ........ 85 1.
10)7 0}. L 8 -,t. 9 25 - 31 87 3. 6
108 0. 1is -7_ , ) -86 86 2.,

Brooks and a-workcr,(t*) ;t Convair dct,:iijtiod thi ratdititioni .stabilitv of Bev-
Cra

l
giskvt 111Mttrials, ill( ludinw, thu ;ili:o i'iI,.rj, Sil;•,ti, ',0, 15/, ;andl 2b0



(Dow' Corning), and SR.- 1054 and SR- 1082 (.Raybe~tos- M.anh11attan1, Inc.. ). The 8 slkots
were irradiated (1) statically at - 65 F, at anmbient temkperature s, ind at 400 F, bsefore'
testing, and (,!) while in use as a seal at arn-bient tern~peratures. These matcrials, with
the exception of the glass- reinforced silicone, were pliable after irradiatioun to
2. 5 x 108 ergs g- (C). Howerver, they beciine hva rd ankd brittle afte i.- Z. 6 x 109 erg's g-
(C). If there had been any vibration of theo Joint, they probably \ -ould have. failed.

Tires

Presently, aicraft tires are made of natural rubber with nylon cord. There have
been some studies to dete,.rmi-ve radiation resiatance. of this component system. The re-
sults of irradiation of tires that had been prepiared and exposed to gamma radiation at
Goodyear was discussed. ( 1 0 7) It was found that alm-ost no deterioration had occurred atan
expuour;? dose of 8. 4 x 109 ergo g- (C) (9. 7 x 10*1 roentgens). The tires contained
an it ra d .

Similar tires were irradiated at Convair, but the results were not satisfactory.
The tir-es Li'owed a much poorer radiation stability than those tested earlier zit Goudyear.
'rhe Convair- tested tires were irradiated to 6. 1 x 109 to I x 1,01 ergo g- (C) (7 x10
to 1. 2 x 1013 roentgens). After a break-in period, tl,, four tires were tested for ulidur-
atnce to high-speod landings. All four failed before completing two landinpfi..

At Goodyear tlu tires were tested in an environment where air- wall being passed
uver the tirus constantly, and thus there wat4 nu chanco for a buildup of ozone. III the
Convair teots, the tires were in ai confined atmosphert! and Lboudyenr believes that o'iuone
could have been thu stource of trouble. The (;oodyear tires were irradiated tit room tuni-
;iorature while the Convair tires, Irradiated in thea reactor, could haves reached a tern-
purature of almoust ZOO F. Thero was also a grout difference iii dose rate in the' two
tui~ý Thove haru ilso fat:tuor which raight havo caust'd the differences in radiation ,jta
bility of the tires in the two tests. The eominanuation of the Guudyear tires watl not
diil Ncic e d.

Dullt( ~)p&opared four cunvuntluwiil tirvis and fouruthorh Identica'l tiresf ex~cpt
that the latter L-0ntained 5 parts pasr hundred of Akroflex (; (35 per cent N- N'diphunyl- p-
phenylono dfamiaao plum 65 put, cunt phe3nyl-aip~ha-naphthyl amnine). The tirels were 26 x
6. 6s inch, Typo VII, 14-ply ratod tul,vless of natural rubber and mylurk cord. Thias 18 ia
tire currently uued on military airc raft.

Tests showted that an expotlure dose of 8. 4 x 10 urga g- (C) cauetiu sevcre dtict ri-
orAtion of the Z6 x 6. 6 inch, Type VII nylon tubeless tires. All of the irradiated tires
failed by becad-to-bead blowouts, while unirradiated tires failed by ply aeparation andI
blister formation. Irradiated tires were only about one-tenth as good asi nonirradiatcd
on titc bastis of sirnulated laniding tests. The tires mnade of rubber containing 5 pa rti por
hundred (phr) of the antirad Ak~rofley C~ gave improved service afiter irradiation. 'The
life of the tire. wal) double Compared with the irradiated tires containting no antirad.

Examination "f rubber in the tire showed only aI smnall amnount of dutetr 1io ra iton.

Failure of the tire was duc to poor retciltancse of the nlylon cord to irradiation. From the
tvsta, it. has been concl udcd by the resea rchervs that tires p1repa red from £ ulibe r eon-

ta in ing 5 ph r of Akroflex C may survive two or mu re actual a irecraft tanding aftci rum-
kce "in g at radiation exposure (lose! of 8. 4 x 1 09 emg g-- 1 (C). Sign ificanat im~p rovel 'i~m. in
'ýwrvic . life mlay be expek: tee withl the list! of macdia tien.- res'at;tlnt (:o0 rd.
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tbia :'non (1 9) 'xarnined throt i' ypes of iiyiai tire cocci- ;111n 1 fOWC- 01M t;U
8A. ýi x 108 e rgs g- I (C) ( Q,7 2p) ylo, i rradliated in air Lost more than 50 pc-r cent of
Its original Iten. ii. strength. Wheni irradiated in at vacuum to the sorre cxplosure dose,
thes Ic ylon fibei s docc iased lo mthan 15 per cent in tenmsil e otrcnigth. E-Ioiigation of
these fibers inc reased froin I to ZO pe r cent whun irradiated ;I, a vacuum a.,,, compa red
with a decrease of 40 to 50 per cent when irradiatedl in air. Table 30 givos the stress-
strain values of nylon cords irradiated iii air and iii a vacuum. rroin this table it cani b-,
seen that nylon irradiated in air shows a rapid loss of flex life with increasing radiationi
exposure in air. At 8. 35 x 108 ergs g- 1 (C), nylon has lost 100 per c'ent of its flcx if2
Thus, it is seen that oxygen ýIs a istronag contributor to the degradatizn of physical prop).
ertieti of nylon in the presence of radiation.

Nylon cord was used in a tire subjected to ra'iiati~on. The cord did not fail at doses
which were expected to deteriorate the nylon. ( 1014) Thiis illustr'tcs the diffi..ulty o)f
estimrating the stability of itmateri.m.l "hnused in a component system.

Itecaucc of ito radiat~ion si~ahility, Dacron has been rocoimnwiied for use as tirc,

cords wheo ra diation stability iii essenitial. Dacron i& not adversely affected by air'
when irradiated, as shown by the tenilie and elongation atrefmgtha and the flex life of
Dacron tire cords when irradiatod in air and itt a vacuum (Dee Tablei 31).

TAB3LE 31. PROPERTIES OF DACR4ON TRUE CORDS' IU4.lADIATII)
IN Alit ANDJ IN A VACUUM( 9

Exposuro FPloX Llf~i 7j ( a ~ ~
DUOe houros Tens Lie Steiigmth(b) __ lmijWitio14 %.

orgit g- (C) rEoontgenh A.ir Vitcuurn Air V ;acuu~m Airi V;uuw ii

8. 7 0 0 :1. 1 4.3& 37 35,0 iqo 14. 1 14.18

di 7 xc 107 106' Z.94 4, 1 33. ( 36, 4 1z II i,4

8.6 x 108 ()7U 31 1. 4 4, 4517./. 111.

(a) Flutx 11f ileuteiritihiedi by imi~aaarm IiouI M 0i I fu ~ iire ordts imidu r mA 6-p1 aid bi mld.

(I) d ftIAimd g1 Vemm III ii :110.

In it study to determine the comipa rative utability al various fiber mm used fur tire
co0rds, Dac ron with qmr-nhyd ronie or quinone used as ti ;m nt irad showed buttexiC rsi talwe mm

to radttiation thim the othe~r tirO-co id fibers examined. ('09) Dac i'o, both with mnd with-
out the antirad, showed the best retention of qt me , s- si mau prope rtie mm after irradiattioni.
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T'. a a bpa Ien11c. ;es

Wolock and Parker of the National. B~ureau of Standards( 1 I)) studied the possibilitics
of imiproving the heat r~esistance of trainapareat plastics IA~t:d as aircraft glaz'inng by ziub-

jecting themn to irradiation. The comronc'rners investigated were ethyl inethacrylate, n-
octyl nmethac rylate, methiyl ac rylat, isobutyl ac rylate, i- ortyl ac rylate, methyl alpha-
chloroa-crylato, vinyl. acetate, allyl acetate, ac rvlonitrile, 1, 3-butadiene, mnethyl
methacrylate, styrene, anid 2, 5-dichlorostyrene. The ef~fect~s of irradiation on copoly-
mers oi methyl rniethacryl~ate and styrene are shown in Tables A-57 and A-58, respec-
tively, Results indicate that the most promising polymer'.. are the butadiene arid acry-
lonitrile copolymers of methyl methacrylate and the acrylonitrile copolymner of styrene.
Although the authors experienced somne difficulty in preparing styrene- butadiene copoly-
rners, these too appear to hold some prornis.Le. No appreciable increase in the heat
resistance of these thermnoplastics due to radiation- induced crosslinking wars observed.

Tests were also made at &9D on acrylic- and polyesate r-type glazing materials
(see TLable 3Z for descr~iption of these inaterialu). ( 111) All of these transparent plastic
materials were significantly discolored by gamma radiation, Each material underwent
a characteristic sequence of color changes which varied as a function of radiation dose
(rice Table A-59).

The materials tested were relatively susceptible to physical and ch imiu.al changeui

during exposure to grtna radiation. The first observed c~iange wasn that of diucolora-
tian, Optical properties of the i-aterialis wear more sonsitive to gamma irradiation than
wore the mechanical, thermal, or parmanence-type properties. Table A- 60 show.
threshuld and ZS per cent damage doses for irradiated transparent plastics. Radioserisi-
tivo propmrtiom were first detected at a dono. of rsbout I to 5 x 17ergo S' I (C). After
dosesi riangin~g froii- ?, x 107 to I x 10~ aIf) drvS (C), prup'nrties were degraded by 25 per
cent or moro, Index of refraction, linear dimensions, and weight of the plastics wore
apparently unaffected. MIL-P-BZ57 and Sierracin 880 exhibited the heist over-all radia-
tiuii resistance, based on per cent change in properties with doss, while Grafite wag the
least mtable,

RADIATION EF'FECTS ON SPECIFIC POLYMERIC MATERIALS

R adiation-' effect a information is presen-tly availahle on it variety of rubber and
plastic materials. This information is at times conflicting bc,ý .ise workers have inot

us~ed identical comnpositions and equivalent radiation conditionsb in thecir exp rhimental
studies. With the se qualificat~ionn3 in mind, the rewisuit of radiation titudieti on VUhbe ,r
aad plaotic inaterials are sumnma rized. Furtherniune, those studies show that the ra-
diation resistance of cia stomeric and pilastic, materials is dependeiit oni ( 1) the conposi -
Lion of the compound, i. e. , type of curing agents, antioxidant, fillh rta, and other aiddi-
Lives~ util ired in their preparation, and (2) proc es sing and ( oi-i g coiidition a. Fi vr in fi
soinu indication that, for the rniosetting materials, thie state of cu re affecnts a csi!nA~w ('-.
of the comnpoutind to radia tion. Coni sequ ently, in the di acus -iinn of da tan, vi comnplete (le-

secript ion or L.~im.ory of the cunnpoind. and n ondit iiiS aOf it en flint io arv givr'ij when nyc

pin OiS iAU, IN, the di a :Ub as ion;ttenili taWvre nia cm to arrarii gi' iniate I'iai 5 d O rdiing to UIc ir
rodiation resistance. The mnateriats with gi-c~ntvr rcannfinnn c are dhaeussed fir:At.
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Ela storn er s

In general, clastorners are loss radiation resistant than are plastic materials.
Amnong the inure j e~istant ellastorners are the polyurethane, natural, arnd adduct rubbers.
For static operations, the poly-uretharie rubbers can be used ikp to 4. 4 X 1011 ergs arg
(C), the adduct rubbers to 8. 7 x 1010 ergs g- (C), and natural rubber to 4 x 1010 ergs

1(C). Under dynamnic condit~ions, these exposure limits are considerably reduced,

Most elastoniers increase. in hardness when irradiated. H-owovar, Butyl and
Thiokol rubbers soften and become liquid with high radiation doses.

The silicone and fluorine- containing polymers are the inost satisfactory rubber
for use above 300 F; howevsr, they are below average ino radiation resistance. Nitrile
and neoprene rubbers are the beet for use be~lo-.w 300 F. There, radiation stability is
somnewhat better than that of the silicune rubbers.

Filler-loaded elastornere are nmure radiation resistant than is pure. gum stock;
carbon black appears to be the beat filler for improving a cormpound's radiation resist-
ance. Curing conditions are also important; a slightly urtdertc% rcd cuixipound in indi-
cated. Additional stability can alsa be realized through the use of antirads; however,
those compounds are spectfic in that srne are more effective with one type of izoiynmeir
than with another, The best results arm obtained if the antirad in used in combination
with the commonly used antioxidant, phenyl bet& naphthylau-iine.

Natur,;. Rubber

Natural rubber iti among the mout radiation resiptant of the elastomrnar thus far
tested, based on the change of its over-all properties. Irradifilion of natural rubbolr
induces crosslinking. Tho elastic pi-opvrties decrease ar~d the. hardness of the compound
increases, 'rhio im similar to the uffcvt of uvurvuicanization. On prolonged vulcaniza-
tion, (ilslural rubber acquires a rigidity comparable with that of gliass. Sisrnan and
lBopp( I ) found that similar results are obtainod with hi reasing amounts (if radiation,

Collina and Canuin;(1 13) reported that, on the basie of static dKIs 1111bli~held by
Bopp and Siumank(7 6 ), natural rubber is unaff~eted up to anl absorbod dolor of approxi-
niately Z. 2 x 108 erge g" (C). Twenty-five per cent drinage io; accrued for ovor-All
properties at doums of approximately 5. 5 x 109 vrgr4 g- (C). It" to~neile strength is not
adveruoly affected until. the rubber has absorbad Pi dose of 1, 4 x 109 ergn g- (C), Find
elonigation and set at break are not affectcd up to a dose uf approximantely 5, 5 x 108 ergs

9- (C). Twenity- fivv per cent dani i(e is rc.rued with respect to tensile st~rcntih at an
abisoihed dose of 1. 5 )e 10-10 tirga g- P(C). Therefore, in applications wvhtn:u tensila.
Rtrength is the primary requirement, natural rubber would prob;-Why be satisfactory up
to thio dosne. The fopecific gravity of natural rubber begins to increase at an abeorption
of 2. 41 x 10 10 vrgs g- (C). At a dose of 2. 4 x 10 11 ergu g- (C), the spet.ific gravity of
samiples irradiated at Oak Ridge( 7 6 ) increaded frorn 1. 19 to 1. 24.

liar ringtonO 14) found that nato r;l- rubber c offiolit ions poliisf no n fair anriounat of
flexibility after e xpo aol e. to S. 7 x 10 10 e rgs g- (C), but will b rua,: when flexed 180 de-

ge a afteri exposure to 4, 3 x 1010 e rgs g- I (C). The hla dnei (iof nato ra1- ruhher c-um-
pos it ions ow creosee with incrceased radiation do.a e whilf! clor ,iat ion f14'(reases. Tensile
at r-ngth of, c(pJitin~lui- cored colripos it ion a tenda to fio1ccra se in iOflcnral on ircradiation Up
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to 4. 3 x 1010 ergs g- (C), then tends to increase. Stress cracking of natural rubber
may start at a relatively low exposure dose of 4. 3 x 10 e-rv ' ! w I 1C.1, and berolmes
more severe with increasing exposure. For maxiimumn service it is important to coM.-
pound natural rubber with an Antioxidant (antirad) if the compoisitioin is under etress dur-
ing radiation exposure.

Convairl15 irradiated a natural- rubber vulcanizate having at Shore A durometer
hardness of 40 and a com~position having a Shore A duronieter hardness of between 70 and
80 to an exposure doue of Z. 4 x 10 9 ergs g- I (0) (6 x 10 14 fast n cnk- ?, 6 x 10 13 nvot and
5 x 1016 'y crm-?). The effect of radiation on the mechanical and physical properties of
these miaterials is shown in Table A-61. Recipes are given in Table A-46. it ir be
noted that, for the sarnples having the greater hardness (Shore A durometer har ego
of 70 to 80), tensile strength decreased 2.0 per cent and elongation decreased 27 per cent
This changce in tensile strength is somewhat greater than would be expected from pro-~
vioun data which show threahold damago as occurrirng after &it abovrbed dose of about
1. 5 X 1010 ergs g' 1 . The change in elongation in in the rangs which would be expected,
The leek of change in comrnpession set also agreens with previous data. However, tho
original compression met of these samples is much higher than tlut for samples pre-
vioualy. reported. The results for the softer material (Shore A durometer h'%rdnasa of
40) in which no change was found for tensile strength and elongation might also be ex--
pected if the differenco in hardness is related to tightness of cure rather than to the
ej,,ect of plasticirer.

Studies have been reported on the affect of radiation pn natural rubber when under
stress or under dyna~mic conditions. Tests at Goodrich(l I') chow that natural rubber'
hum vgcol~lent ratanidOn of Yermley resilience, has good hysteresis properties, and is
resis5tant to change lin permanent set during flexing on irradiation. Convair reported
the changes iW mechanical propertioa of a na~tural- rubber C)-ring miaterial irradiated
%dhile under 11trsam. (3 ) The recip" for this natural- rubbar stockc havling a Shore A dkiuril"
ater hardnievi of 35 tu 40 is given in Table A-46. Samplas woro irra~diated whild under
25 per ectat cosriprom *ion or whils held 111 180 degree bend with a 5 /8- inch radius at the
bond. lDoth coutrul and irradiated samples wore hold in this condition for a total ot,.
30 "ayo, lncýludinig radiation time. The spticimen.i, both stressed and unstressed, were
irradiated to three exposure levol, at amnbient tomperature. Mechanical properties of
this rubber belvre and after irradiation are givan in Table A-47, The compression- set
buttons from the samea furrtiulation were irradiaturl e~sr~ ,The compression mot of
this material after irradiation in given in Tiiblv A- 414,

Thu results of those tosts ahow that naitural rubber Jrradi~t(ed while undox' stress
deecraties in tensile strength and elongation to a. much greater dagre'a than the unstrossed
rubber. Also, compression set of the natir 1-ruibbe-r,-vulc Anizate buttons dLcrcaoad by
5i5 per cent when the varaple. were irradiated whl~e unutreused, but crn~pr~usion set of
the 0-ring sogr~i-eits comrir'c,'&J.u d&vimg irradintion !nervased fromn 6 por cont for the
conntrul to 80 per cent at the highest done. At the two higher exposurcs the peirrninont
out in the 180 degree bund was 100 per cenit.

Neowll, of Convair Aircraft Corporation., offers the folluwing explanation for these
results. The predomninant reaction during irradiation of natural rubber is crosslinking
of the rnolecules. When the rubber ii; under comnpre ssion du ring irriidiation, the crotis-
linWing tends tw set the rubber pe rinanently in the existing st rainevd condition; whenk the
rubber is irradiated unstre ssed, the cros slinking rvsults in ;t ha itdur and nl()r e rigid
struc turc, xvhwl& tands to bc s ubsequent com ~prvesfSiot 8it.L
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Newell also found that th,.e stressed sarnplch cracked badly on the outside of the
!90 degree bend where the rubber was unde- tension. At the two higher exposure levels,
similar cracking also occurred in the compression buttons. This cracking war believed
to bc due to the uzone content of the atmosphere in the radiation field. 0-rings irradiated
in the groo.ves of the chamber doors did not show this cracking. This was due to the lack
of colitact of these 0-rifgs with ozone on the outside of the bend, since this portion of
the 0-ring was in contact with the pool water.

in ; -econd study oan the effect of irradiation on stressed rubber, Shelborg and
Gevantman from the U. S. Nuval Radiological Defense Laboratory detnr.m.dned the effect
of radiation on stressed natural rubber. (117, 118) Their approach was to irradiate
natural rubber that was stretched 400 to 500 per cent and follow the changes in crystal-
linity by X-ray diffraction measurements. They found that stretched rubber is extremely
sensitive to radiation damage, which manifests itself by stress relaxation and, finally,
rupture. The P.hangee in strocss relaiation result Li changes in X-ray dlfraction inten-
sity and those changes can be determined without damage to the samples. A' o, the total
irradiation times until samples ruptured give an indication of radiation stability.

Shelberg and Gevantman also irradiated stre•tched specimens prepared from
natural latex and solid pale crepe. These rubbers differed In additives and cure and
were used to give a comparison of the influence of composition and fabrication on
radiation-,induced crystallinity cha 5ils. Tiheir formulations are given in Table A-6,.
The latex speclrnens were a comn-rear•al item compounded and cured for great 41oingth,
while the pale-crepe samples were sparingly compounded and cured, but capable of
betnky highly stressed without relaxation, The latex rubber was stronger and more
axteAuiblu tht t U1, milled pale crepe and contained an efficient natural antioxidant.

One tatex and three pale-crapo vampAli were irradiated while stretched 500 per
cent i• a nitrogen atmosphere and at a temperature ui 78 F. Irradiation was by means
of X-rays at an absrhei dosoe rate of Z. I x 107 ergo g- I hr 1. The time fur rupturo
and the absorbed dosew are shown in Table 33. The latex rubber was m•re radiation
resJstint than the crepa, and both lost physical prupertiom at 108 to 109 ergo g- I
absorbed dmse.

TABLE 33, TIME AND X-RADIATION DOSE FOR RUPTURE OF NATURAL
RUBL31ER SAMPLES STRETCHED 500 PIER CENT(1 19)

Time for Rupture, Absorbed Dose,
Rubber hr ergIs g" (a)

Latex 68.5 1. 4 x 109

Palo crepe 10.0 2. 1 x 10L
8.5 1.8x 10 8

8.9 1.9x 108

Average for Pale Crepe 9.1 1. 9 x lo0

(a) AbnbvAJ dose rate 2. 1 x 1 c0 e s g-I hr- 1.

Bopp and Siaman( 76 ) Bhoved that natural ruL !n stretched 300 per cent lost
crystallinity at ,an exposire dInse of 8. 7 x 108 er.-. - ,, which is in agreernent with

the Shclbcrg results. On the othmir hand, thesc doses ol 108 to 109 crgs g- I (C) cannot



produce detectable physical- inc hanical chizinges in uon tretchod rubber Tihus i, c(ji be
scen that stretched natural rubber is less resistan' .- adiatieo than the. unstretched
rubber.

In another stress-relaxation study, Tobolsky and Mercurie of Princeton University
determined that oxidative chain scission at temperatures of 176 F and Z66 F is independ-
ent of the degree of crosclinking in radiation-vulcanized natural rubber. (119) Scission
occurs randermly along pollisoprene chains and not specifically at crosslinked sites.

Natural rsubber has been evaluated for use in aircraft itires and particularly in the
functional ae of antirads. With regard to use in tires, it ha. been found that natural
rubber containing an antirad in a tire tread is not affected greatly on exposure to approxi-
mately 108 ergs g- I (C). (I I) Detailed r-uultts on the tire teosts art presented in the sec-
tion on tire components. Most of .tie studies with natural rubber have been on tJhe evalua-
tion of different anterads. This work is carried on by J. W. Born and co-workers at
The B. F. Goodrich Company. (I1) In their investigations, they have evaluated over
100 different types of mnpterals for antirad properties. N-phenyl-N- '- cyclohexyl-p-
phenylenediamine extended the life of natural rubber by a factor of 10. More recent work
by these researchers indicated that this effect is obtained through a combination of thV
above antirads and beta-naphthyl amine.

Baurnan(I0O) measured the effect of antiradu on the croselink yields in black-loaeded
natural-rubber stoLIs during gamma irradiation (6, 4 x 10"1 orga g- I hr-l) (7. 3 . 104 r

hr- 1). The crosalink yields were determined by swelling techniques. Antirada decrease
the crosslink yields if oxygen is absent. Oxygon alone effectively decreames crosslmnk
yields. In the presence of oxygen sunm antiradm further decrease crosslink yields, while
others increase crosslink yields by their prasence. These rosults may be uxplained in
tormrs of competitive reactions butwuen R radicalm, the antirad, %nd oxygen. Evaluationl
of the ratios of cropolink yields and scmssion yields Indicate that rinjut of tho scission im
temporary in nature, the chain breaks being reform-ed rapidly,

Polyurethane Rubber

Ifrringfon's stlidiev( 1 0 0 ) indicatu that these clastomors are capable of giviig sat-
isiactory service to at least S. 7 x 110) ergs g-I (C). The urutLhrie "Iamtu uuAs aru nut
affected up to 8. 7 K IL0 erg - I (C), but are damaged by about 25 plir cent at shoint
4. 3 x !09 ergs gI (C). The mnut intereotutg property is hardness, which reatn-ais
relatively unaffected even at 8. 7 x 10 10 ergs g" I (C). The elastoniers are resistant to
utrcus cracking and retain a groat amount of flexibility and physical strength at
8. 7 x 1010 ergs g- I (C), At thia exposure doeeo compoitiuons can be prepared that will
bernd 180 degrees without cracking. The reuutts are givei, in Table 34,

This type of elastorner tends to decre-ase in both tensile strength and elongation
upon exposure to radiation. In general, it tends to soften up to exposure doses of
4. 3 x 1010 orgs g- I (C), and then becornes incrasingly harder. Comprounding ingredi-
enLa appear to have little effect on radiation resistance for most types. The curing Sys-
tein may be a fac-tor, but further work is necessary to cutablish this,

Polyurethane rubber has been reported previously as being equal to or Iette: than
natural rubber with respect to radiation resistance. Harrington reported that
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TABLE 34. EFFECTS OF GAMMA RADrIATION ON THE PROPERTIES OF

HEAT-RESISTANT ISOCYANATE-URETHANE ELASTOMERS (100)

Exposure Dose Initial Propexties zind Per Cent Change
ergs g-i roentgen Hardncess Elongation Tensile Strength

Materials C x 10-6 Shore A A% Per Gcent A% 6 •-i A'7- Remarks

Adiprene
C 1 0 0 62 530 4300 Black

4.4 x 108 5 -1.5 -10.4 (a)
8, 7 x 108 10 -2.9 -13.2 (a)
4.4 x 109 50 -1.5 -40.6 -30.4
8.7 x 109 100 -12.9 -57.6 .53.3
Z. 6x 1010 300 -1. 5 -74.5 -75.7
4.4 x 1010 500 17.3 -03,41 -80.1
8.'tx 1010 1000 15.9 -87,7 -80.4

Adiprene

C-2 0 0 75 360 3800 Black

4 . 4 xI0 -. 5 -6.9 (a)
8.7 x 10 8  10 -2.5 -4.2 (a)

4.4 x 109 50 -1.3 .. 1.5 -15.1
8.7 x 109 100 -3.8 -30.5 -39.3
1.3x 101 0  150 0.0 -55.5 -46.9
2.6 x I010 300 0.0 -74. Z -64. 3
4.4 x 1010 500 5.1 -81.1 -7U.2
8.7 x 10 1 0  1000 11.4 -84.7 .67.9 (b)

Adiprenu
C-3 0 0 69 595 4400 B3lack

4.4 x 10. 5 1.4 3,? (z)

8.7x 108 10 1.4 •.6.0
4.4x 109 50 -6,0 -17.8 -37.5

8.7 x 109 100 -7. -30,4 -50.4
1.3 x 1010 150 -6,0 .48,0 -58.4
2.6x 1010 1.4 -67.3 -66.4

4.4 1010 500 1.5 -81.! -75 T
8.7 x 1010 1000 14.5 -87.0 -80.9

Adiprene
CA4 0 0 68 145 34,15 Black

8.7 x 109 100 Z7.9 -83.4 -59.1 (c)

Chernigum
XSI., 0 0 69 690 4000 Muack

5.z 2x 108 6 -. 9 0.0 -5.9
8.7 x 10 8  10 -9.0 - 12.1 -L5.,2

4.4 x 109 50 - 17.4 -31.9 -68.0
8.7x 109 100 -20.3 -58.0 - 79.5 (c)
.. x iO!0 300 - 14.5 -'Z.8 -86.7 (d)
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'A13,F 14. (Continued)

Elxjuosure Dose )nitial Properties and Per Cent Ghange
-gs g-'-T" roentgen Hartness3 Elongati', rensi,,e ,St rength

Materials (C) x -0-6 Shore A A% Per CeCIt RemPsi t•% ietnarks

PR 631-70 0 0 17 540 3170 Black
4,4 x 10 8  5 1. 3 -2.2 -4.1
8.7x 108 10 1.3 -1.2 -1.1
4.4 x 10 9  50 0,0 -40.7 -2. 1
8.7 x 109 100 -2.6 -30. Z -33.9
Z.6x 1010 300 -5. z -56.6 -58.5
4.4 x 1010 500 -2.6 -69.6 -65. 1

Diougrin DSA
6865 0 0 77 700 6500 "an

4.4 x 108 5 1.3 2.6 (a)
8.7 x 108 10 -1.3 5 0 (a)
4.4 x 109 50 0.0 -44.3 .5Z. 5 (a)
8.7 x 109 100 5.4 -68.1 -76.4
2.6 x 1010 300 9.1 -95.0 -,86. 7
4,4 x 1010 400 .1 ,4 A 96.,4 .. 90.3
8.7 x 1010 1000 ?10,8 -95.7 -89.9

Dlhuogrhi D$A
7560 0 0 80 650 $000

4.4 x 10 8  
-4 ?,r - 13, 1S. 7 x I8 OH 0 -5.() - 19.4 •

4. 4 x 109 50 -% ()0 -4H. -46.8
•,H xI9 67 -3.8 -49.5 -068,7
H4.7 x 109' 100 -Z. 5 -60.7 fit..4
1.3 x 1010o M -Z.s - 81, -87, 1 W
A.6x I0Io 300 11.5 -94.J -91,6 (a)

(a) *EIvrled ,'Mpatlty of tellllt, tcstor (Ktuille irretigth~ rm-ter Ihju 4000 1Im).
(b) IDruku WhMim bwill 180 dagre, .
(c') SlllF)lllt tm!ý~Y.

N) suit mrJ ta•ky/.
(Ce Dakt blown,



e41 atocrnrs were capable of giving satisfactory service to 8. 7 x 1010 ergs g-i (C).(1.
Schoilenbergei at The B. F. Goodrich Co, recently comnpicted at study oil poly-ure-
thaties( I ) andl c~oncludeoi that limnited dynarnic i -pplications inight be pra~ctical after an
exposure of 1. 7 x 101 ,Iergs g- I (C) wid static applications mighit bec fcabihl'o aft'.r r
posure to 4. 4 x 10 1 or 8 .7 x 10 11 o rgs g- (C ' . Howe~ver, at the latter dose, the rmateo
rial has degraded to such an extent that it is very weal- an~d brittle. Mechanical prooor-
ties of three Iýstatie elaaiorners (The B. F. Goodrich Co. ) are given in.Tb ' -
three radiationi exposure doses,

Schollenberger fouind that saxnplee which becarine wek nhv;2 oo<rAde.iistb
ity. Water leaked into the alunainurn canister containing the samnples beiag t~i~' o
1. 7 x 1011 ergs.' I (C). It mnay be noted in Table A-63 that tensile etr~ngtha c! ail three
polyurethaneo exposed to this dose are consisderabiy lower than those of Jfle eamples ex-
pneed to the next higher douc [4. 4 x 1011 t-rya g" I (C)j., Thic -..ouid be eypected since
polyuretharies a~re rnoiutus;,!

Ho also found that the preoence of benzene-- ring structures in the diiJULYa 4 .i4te
coupling agents himproved tho ractiation tambility Lit the polyurethanas. Airiong the
diluocyAllatt, Lhalti couplarts studied, the order of their ability to in-pruov the radiation
roeletanea of thto polyurutha~nct was found to be: 1)-j 111 iy], (11 dA1i1AOwy1IiatC= dphonyl
inethuane"4, 4' dliuotiyiinmto > rii-pheniylonot diitiucyanateu > Z, 4 tolu~ lene ditiuocyanato, For
examiple, l~ooyuroahanes enrittkning it p-pheviiylriama jucit.dui in tho dii oc~yallate couplins
agetit an~d A branc-hud or lvikU-cha in- g1ycol chair, extundt~r (iml place of hutanediol 1, 4)
had irrproved radiattion retviotance, Eotwiia VC conitaining 3Z pur Lp,,tt bound diphostyi-
14ethrAne P, k)'- d~lwimcyiix'ate had bfmttnr stability thaii vit thttionm of the niaterli. *-:ontanming

Weu ditan ZAA per (-"tt ttr rtf,cu~ than 36 ptir .'stltt of. this of u C ~ijolll Agen~t.

A ~iigi a U'PLIciziatl L-onttent In the polys s1r 'batckboi.nm cuilpuzivitt, us it) polytri-
Iyeephhihlikat, 41ppeat 0 tf viJmiwoic tho Mwittiu-t rmdialtiuii re kiu s.ancv ," do rivoil

IJolyati ttkanomj fromn Ulmt Ottnd ptint of r.,t .itaLiukk tif bulth ot rumi 5ot-' Imin widt multittlo p~rop-
a t-iao. I'wc.e r, oil tkghas bois of oirb ~ Wuok, it JiIJlr A rOMrIC tim n'utcnt ini-
1 roiwett d by aituario of thw glycit Ohalti- ax~taititM eoumponiiiiit ýr4Ieu I'M to enimanec radiation
rem iatakice to ,t Losuwrm dagr~rim Thiti Its f it, )KtficitlUt interomt If:) Uwuze utudylag the ai'mda-
Owlon tmbiI itiam ofv varioumt UrgattIV Vroups. Not reation for the Iaiqk ofi hi~tmrovemimetuit in tbe
radhAtimi rosistttanci of the podyu ret.l.nes covtaixling arotuivitic gLyc~io cOnipoiteints- hais
boati glvtt. Schaolrtitbeirgov r am kt foutkri :lltttt io, V' r: ,e amtid uti poiyeatti'rm wore~

The pulymnies imrr reported to absorb oxygen (fitrlfg gaistnmmta irrladiatiOnl. This has
alou been, noted in ultraviolet- rirdiation exposureo. Ordinarily, oxygen is believed to
react with frein radicals forrniod by chumn scisicmin antd h'0J~bit croitillttking. However,
fu r pol yu rathitikes this does not appv!,Ar to be I i s It dite s Inof ri~e mat fix de gradation of
proportlest. The a ronal iic co~c~Ion au cs 'r- _11t. (JI of t. pISIYUL, oi~ V~h; nei11 t !t'ud-
lintking'', that is * the chaink ends rcc n-ibitic to ffe km c'ros A inrks, 'Ihki Ifhygsi( ,it prop-
ertiim' du not dete iiurate.

A cum~ Ir ison of na tural- ruibbe r and di: rioc yaltiate polyester 0- ringti iu pre scnted
in Table !4.X8 Results !;how that, ;It 3 x- 1010 w.rgs g" I("J lie i,-' lt~ieiit'5 of thu poly-
qstur did iiot chaige froni its or igitiial vallic, I' the Iarictt al rubbh~r! c hanged f rin)

.70 to 95.
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Aeýcordinig to Pestanc r and Gevantnian( 1 ' 3), a quick and usofttL n-etscod f-er nca stir-
ing the radiatiun dam-age. in polyuirethane clastorn orq~ is to ýi s the ~iýa tion ship botwta-el
the extont af crosshiCKing and the degree of awelling ini a solvent. A linear relatinnship
was found between --adiation dozie and crosslinIting using thr-ee different sc-'veit:.%
ChangCs in CrOSslinking was observable for dosc- a;3 low as I N- 108 ergs g- (C)
(10" rads).

Adduct. Rubbers

Adduct rubbers, in-anufactuerd by The Goodyra,,-. r and Robbkar CGo, , are pre-
pared by reacting dione vlubbers such as polybutadierie, isoprene, ate. , with a low-
niolecuiar-weight alkyl niercaptan. A highly simpLii~ied representation of a complex
set of chain rwictions is givwr by R. M. Pierson(IZ4) as:

RSH +' Cl 11-- cW-lCH Glli! CH?' CH ,C112 CIlZ

S

Thc, reaction 1is generally carried out tit latex forna.

Moyor0`15) propared a butadionti tidduLt polymer 89 per cant vaturatted withi nutlayl
morcaptun Which tihuws~d a highl rquiatanicu to a11 exPoUuX0 Coose tit 8. S x 109 01rgs g- I (
retalining 60 per cent of Its elongation. Results for it naturul rubber, nouptruito, und the
additct pulytater are giveii Its T'loi 35. Meyer fools, uua thu basis of' ths works thut the
adduct rubbejr zAIAkusi this classa of aIastoy--n" lo,4,lt cxtvoenuly &',anikiuitnj fior uties with
ratdiation exposiltre. It Is pubsiblu t~haa the grotitttr dogrue of totturation itaay wuouumit for
suzlua of thai inc reauIdM1 rudiati.in sdtability. IVI I-411!rd to deturyntidt lg Owe offuct of thso
1110rvalttal motleicules it WuOOd bIto latovoutink to kconipacre the riidlu tiun stability of it
layd rogenittd b~utadiegie with a bitat~iivti rtcbbera,

Illi la 1ttr Work Meyers tit 0t. 0 I ~b) daturmniled tho r'adiationi rualotanco (if adduct
rubbtir tit vj*raotitm uxpomure luveiM m md ove r .4 hauvpert~turv rafage of' - I ZO to +400 F".
Natni-lil rubbber was t used at, ttw ,!ontrul viticu it liam bueni roported to hanve a linigor uue-
ful life that% othersA whoai uxpumool to gaminax radiation. Mostt for both rubboeir *are pe
eatei~d Iii Ttable 30.

Loms data woru obtaineod onl I to 95 per cuntL saturated adduct, However, the tiiled -
urententio that were Anaade indicatod that it deterioirated at a aunicwhat lower vale than
the! 88 pior ceot. sdattairahed adduct. B3ot~h the 88 and 95 per cunt &;aturated ad~ducts exhibited
11oth1 greater resititancei to degradation by gamma Irradiat~ion than did natural rubber.
Vie 95 L'-' pe,:Unt Odd--Itt app-0irs to mfatch resin-cured B~utyl up to abouti 5 days' air-oven
aging al 300 F, and all the adducets studied show better aging than neupreitio- at thisi tenti-
peraitrv, At 500 to 600 F, the iidducta appear far tiuperior to boL~h resin- cured Buty1
and neoprene. In addition, the 95 per Cent; adlduct oc4iihiti~d a stability that was niany
Hitles t)ct~tt e than thaI t of ithur Buotyl 218 or fle~tprenu upon exposue i to ovone.

liar r ogtoia( 1') inve stigated ant 86 per cent and a 92 per cent rniethyl ow rectptan
adduc t of potybutadietie, and a 65 pe~r cent inethyl ie rcaptan adduct of it OV1/ 53 butakdivine-
at ry ionliCi'lie 1-iabber.n lie found the adduc t riabbero i to be art tong the better ota stontie c
with1 respect to radiation st~abilit y. The -it rile addoc t was less sitable than the tut.&d ief!t
.ttltlttt rubbersn, hat wirt 111oore .s;tablu than tint cor responding nitrite vubber. The (hangsne
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TAIBI.,E -Ar. COMPARISON OF RADWATION STABILITY OF GOODYEAR ADDUCI',

NEOPRENE GN, AND NATURAL .. UJ313ERS( 125)

ELastorne r Adduct Ncuprene GN Natural rubber

Total Pigment, parts 55 26 33

Tensile Strength, psi

Original 1800 2900 3650

After 4.2 10a8 ergs g- (C) 192.5 2650 2975

After 8. 5 x 109 ergv g- (C) 2550 500 625

Elongation at Break, por cent

Original 580 900 605

After 4. 2 x 10 rgs g- (C) 550 835 525

After 8.5 x 109 orgs g-1 (C) 340 110 140

300% Modulus V0

Or •giaid 1000 45U 950

Aft rr 4, 2 x I0 8 eg (C) 11 LKO I7' IuuU

After 8, 5 x U1 4irgti g"' (C) 2325 ....

"TABLE; 16. EFFECT UP GAMMA RAI)IATION ON ADMIJGT ANtD)
NATURAL RUBBER AT VAIAU'F 'EM-Ph;(A f1Rl It L S 6)

Telsihc/Elonigatitm, p(,r uviit
Exp-,wirv ret"illd al. inidivateod t(,J111tv ,attire

Copn.pomtnd Gr'gs gg"z''t -1 "0 F Y5 V +200 F

Adduct (88% 1. 39 x 109 ,10 104/85 100/80 100/79
satill-ated) 8.46, 1 x M09 100 100/4 1 815/5 90/55

1.6 ,1 1010 2t) ().. 80/40

Nattural rubber 3. 1') x 1o9 0) ti oIo)0 (,5/85 ZO/r
8. 4(; 101) 1 00 ,;i-/I/()o , I



jehi T Wnitr addtct Wuber due to ir riad jun flotuved Mhe saine path en as thos Qc tilte

corre spond inig niit ike ri~iiibur at IOW iiij~l ode,,ieddc pC omrc. a. [lowev er, ith It~ no!

1111rua se in tiensill Wtrngth at Wigh rai'i ation eix posulres like the nii it 1li runlie r Ia litwcn-

tinued to decutaea ScR c pcs for the adauc I rubbers tLusted are given in Alppendix A,
Table A- 61, whi~lu the changes in inechanical propertviem mre shown in Table A 65. WIQ
Lire 12. shows the changes for the 9J2 per c ent satu~rated rnethyl iner': aptan adcboc .;1
bU~tadiejice.

Gamma -Ray Exposure,ergtig"'(C)
B. 1087X10 8.7X10" UxO 10~t

Origmal rperties ~ ? 7

I Shore A Hardness,71 o-0. First foiled bend ta--
Elongation ,490 per cent h- -A~ at this dos~e

o 50 Tensile Strength,2660 psi - --

--- -

Gaminu-RaylExposure ,ramniqlans -A"

F'IUU1L.~ .',MFCIIN11~L-I'Rl~ilTYCl ANCGf'S IN A 'MIe'.~ PER J'. $$;AIIJ A'1tN
MI±'lIIY, b ±IERCAI'IAN ADDUGT 1AUAMERl EXPOSEi 1) '() NAMMA, HA-
DIATION IN Alit Al7 *F( Atli) NOI4MA.11 ATMO)S1I ,111 P1- AM: J14l~

Styjur"une-1Iiteno Rubber, Sl1H (M-6)t

NtylCnC- butaidinC rubbei(1 (S1310, contilmotly calledl 01.1- or tirei rubber, ro a iliti
radiation better than nustil of the conirnion sA yihet i ruLblour s, but it is no~t tqni~a to :IMto-
vai rubberP in rntdinition reus incaie, Menu sopulyrn e ru doPunt iiprilry by aL t 1.osi-

link ing ,nichaniniuni. Cmwnuqouitt y, they tend t.o ha.rden on ic nndiaituii,

It has been shown by Del manx and co- wo rkerl; ( I 8) that the raiatutloll- iudu rd r,~iini
,-hai ti r t rutO Iilinkilug ye et ion (ct SlB ini soluion proceed by it randoin zi echo nisi.411
Al[though thle. eja c hwavl Wuc u tfot would! apar'entl I"y!b differ unu, vulcuui iz;itei of SBR
treatcul iii the solid obtcL sli'iild alma be expected to be rmalndoly aitaneduIq by1Q1g- ulrgy
ta;diat ion. In au randouu- type degradatin reactron, all nolecular weight npei (QSf it.

Ilolyworl ;If.(. equally 1 us u'SI tiblte to 1.,)djiijoii dlanlgrg . It se ihighly illillrohnihhl. 01i:11



the radiation stability of SBR couald- bc.- improved., t'acrefore, by f ractionation procedtiresi
On the other hand, it is-quite feasible that the a'dL.ck of SBR elastorners can be inhibited
to somie extent by introducing into the backbori".. .f side can, st ructu...es, such as pher 1
rings, which can readily ab 'sorb-and di35iPgaLr ri~diation energy without itself or neighbý'r
ing groups being appreciably affected. T.he X.ý-.rature(12 9 ) indicates that there is a 1l1 nit
to the number of phenyl rings which car, inf'u~nce the r~diation stability of the polyn/er
molecule. Addition of phenyl rings above Lk,.s. limiting conc~tntratian would not ne ee-
5arily produce a corresponding innroase in the resistance of tUe elastomer to at ck by
gamma radiation. /

Work by S tanley and Delman( 1 3 0 ) i~.dicates the relative stability of the 4inc ipal
structural linkages in SER polymer. 'Ihe cis- 1, 2 butadiene groups contain'y g the
ext-,rnal double bond are more rapid*,) degraded by ionizing radiation than ~re the in-
ternal trans- 1, 4 butadiene units. '11 phony'. concentration in the SBR chaiins is only
moderately affected by irradiatior, b--.:ause of the stabilizing influence -4 the phenyl ring
in the structure. In the radiatioi d, gradation process, environmental f/ ctors, such as
the presence of small amounts o-& o .ygvn in the system, are important .nd must be taken
into account. /

x18
Threshold damnge is r~.ac& -ed at Z2 1 ergs g- 1 (C), and 25 p r cent damage is

accrued at I x 109 ergs ('- IC Tensile strength changes less rea ily than that of nat-
ural rubber. According to Bo'? and Sisnian(7 6), the tensil'ý streng/of SBR does not
decrease by 25 per cent until t; has abs~orbed a dosage of approx tely 3 x 1010 ergs
9-1 (C),, as compared wit' a losage of 1. 5 x 10 10 ergs g- I(C) fo netural rubber. Al-
though its tensile otrenlrh c' ianges less readily than for natural ubber, over-all, it is
not equivalent to nature' rv~jler in resistance. (69) Other propezwties, such as elonga-
tionI set at break ankL co, spression set, decreased by 25 per tint at a dosage of
1. 5 x 19ergs.('i (C).

Studies by Jo'an 10. Borný13 1) indicate tha~t the stability of styrene- butadiene poly.
:zers to radisaain asnrp oves as the styrene content is increased. Goodrich( 132) ts
both hot GP.-S (polyrr ,rized at L122 F or higher) and cold GR-S (polymeriized at 41 F a..d
found the rate of ckus-ige of properties -;nder ii radiation to be abou..- the same for b, .h..
types of rubbera. ihe initial physical properties of the cold type are superior to those
of the hot type?, an .this superiority is evident after irradiation.

Data Ftiblr nied by Harrington(1 3 3 ) show that SBR rubber can be exposed wo
S. 7 x 1010 arg., g- 1 (C) without becoming stiff or brittle-.- However, they will tena1 to
break if bf'nt If 0 degrees. The tensile Lstrengths may change differently for dLff irent
compositions. In some compositions, there in no change; in some, tensile stresigth de-
crea.-es -nly slightly with a low exposure dose and then decreases more r,.. pid) y with
increased J~sr oses; and in others tensile strength continuously inc -eares. Hardj-
nes s increasez,. mk elonga~tion decreases with continued exposure. A`1 three proper-
ties are very little a_-~ during exposure to 8. 7 x 108 ergs g-' (C). The~se elasto-
mera sho'4 evidence of stru-x c ,racking at exposure domes of 4. 3 x 109 ergt Z- I (C) and
higher, !.gd must be compoundeli w'it~h a-tioxidants for maximum service t-nder stress~.

A comparison of styrene butadiene rub::v!r-having a Shore A durorrauter hardness of
40 with one having a hardness of 70 to 80(115)' sho',orl.&that the rub'.er hisving the lower
hardn:-Pis decreased in' "e strength-when. irradiated.t -"n exp'.ýsure dose of
2. 4 x iZ9 e:-Zs g- (C) (6 x 101 fast n cm- ---6-_ AO'3'nv0L, Pn .0 1 6 ym) whl
the harder rr .~.lincreased in tensil'e -strength.-_Thib dccrease in the softer nmaterial
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i.,:;n soovwh;t sur~prisr pg andt rray bo clue to Lhe. prcs euc e of a Pta st iC izvu IX 1 Cornpoip~-

lion %Ilk(, (if! th is mat~erial we rc io[u given. The stock with a ha rcie si of 70 lo 80
sihowed -expected good adiation stability at the exposure close of ?,. 4 x 10" crgzs g -
(C). Tceat resuilts on the. effectsý of radiation on the unechanical propertices for these SBP.
rub'ber-s aro' given in Table A- 66.

The resul~ts of nornie corrbinedir enviroinmentali tests oip SBR rubber.- are discuE~sed in
a previou.s section of this jkeport entitled Elastornt~rs. Data on roomn-te-ii-erature cornz-
prossion jet are given in Table l?..

The SBR polymner can be improved, with respect to stability, by tbe addition of an
aritirad. Two of the better antirads for this rubber are Akroflex C. and alplia-
naphithyiarnine. (131) With Akrofiex C., an SBR insulation COnitpound changos to 50 per

cent set on ixposu-.-e to 1. 39 -,109 ergs g- I (C), as Lompared with 0. 70 x 109 ergs g-
(G) for a control containing no antirad. Also, the control lost approximately 60 per
cent of its elongation at C.. 80 x 109 ergs g- (C), r;.v eompur.trd to 45 per cent for the corn
position containing Akroflex C at 1. 26 x 109 ergs g- (C), (132)

)Oodri, , 3~ also reports that tie additio~n of Hycar HH-, a bromninatf'd Bkktyl rub-
ber which is more compatible than ordinary B~utyl rubber, to SBR (GR-S) delayu radia-
Lion damnage. Tho A"ycar HH1--atyrene-butadione gun- stock required ten tinkes the radia*-
tion. dosiage to ufftoct the same change an that produced In the pure gum SVIR utork.
Hloweve~r, the addition of 1-Near 1-11-1 to a carbon black- rciaforced cornjiound dlid nut irn-
p~rove its radiation resistance.

Rucent work at Goodrich( 1 3 4 ) indicated that oil-extended SBR containing 25 pht. of
aromatic processing oil (APO) wou more radiation-reoistant thant regulpir S131k. Pursu-
ing thils idea further, high viscosity 513R was exteonded with thu fullowinig hydr~atlic ninto-
rials. j'ecornniended by WADT) for their radiation re wlstance: 1, 4- diphienuxyhonzrene
(DJ?1) , 1-Q (p t- cuiiiylplknoxy)- 4 pheonoxy benzone (CM1IS) , anid alkyl (ilphtillkyl tither

Tlable 37 surmniarizeids th radiation rektirtaziwe of thoise dlftorcut polyiners on the
baui: of the doute required for 5i0 per, cent cumprouion NiUi et (US5 ), anid the radiiation-
hi loe d cuinpre ssion 4et ait 5. 2 3 x 10 or(~igs g- I (C) (Sr).,

Fr'om Tablo 37 it itH seenl that the~ oil- extended polymers are mlure raiitiatant to
radiati.-ni- idtirod vonripre ~sion set thaon is the control 'culd'' polymer. Perhaps other

raditio- rsisantoils whichi possesH good antirad prupertles coutld bL devuluopud for
extending SBIM arid further incresising its raciation rcuiutanctl.

Bittadierie Rubber

The arvailable infurn-sation suggests that butadiegiv rubber is somewhat lessi stable
W11cn lx:ns' o vradi;ef inn than is SEiR. Work by Born" 3 indicate~s that It c rouslinku
more! readily whenr exposed 'Lo radiation than does SBR.

Studies by Grave, Davis, Hunt, and IsleyC 135) s~how that niass 1polyrn(!rized ptuly-
builadiene containing 50O phr of an I IAF black is about equivalent to SBR rubber in ru-
sistaice to radiation. A comipari son of t natural r.ubber, Sl3R~, turd polybutad ie~ne witi,
rzid iation is pre s nitvd iii Table 38.
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TABLE 37. CGOMpjUkSSION SET OF VARIOUS ELASTOMERIG
COMPOUNDS !IFTERI IRRADIATION( 1 3 4 )

Corp109~a erij 9r (C) pe ce'nt

SBR, Type 1500 1. 23
Control 2. Z3 71
ZU phr ADPEF 2.,35 67
25 phr APO 2.61 67
25 plir CPPR 3. 09 6
25 phr DPB 3. 13 62

Natuval iubber 1. 35 79
CiIm-polybutadicrnt 0 39 c(

(a) A DPE m A Lk IV dipWhily I oilw (c r

CýPVB - 1,0(- 'AaiIlyI plicAioKy)-.1 ('Iiuloxy bellyj'viiv:
D11 a 1, J-dipli. w:y eivl'

(b) 06 a Vow rv'qi: vd for!, l0 t~ kI ctill ipich l loll jtI~ .

TA13L1W 318, 11IMCA L 1'RU1PI.AUIEV S OF NA TUJRAL, STR~IIUA1,NbAND
1'U1.Y13UT'AWK~NU 1-.LA.S'rOM1*;S I'IEF~ORI AND Ak"IMR IRRADIAT!ON("5

Prupertie" Aftcr
I1rrtriattion to

- _____ia Prope 1. 7 100 xgiGI.C
(Jrig ~ ~ ~Tia.1 h") - ~ - x oriig,. .,

t6trengt1i . tiull. 1-14 rdn.ixess, .stz'ngthx, t ion , I hirdiwuki,
polymner p 41% Shore A pi~i Shiort- A

Natiural f50 partz; fIAF 3900 665 66 Z935 350 76
SI3R -P 50 parts HAF .3125 600 04 2465 185 82

Nfa,4u polybutadiene +f 2380 525 58 1065 165 78
SO pa~rts 1-AW F
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Cis- polybutadiene has poorer resistance to c ompre. siorn set during irradiation

then natural rubber. (See Table 37. ) Its rcesittancc is more like that of the halogenated

polymers or Hycar 4021. With a property a5 radiation-sensitive ar compr.ssion set -,t

is not unexpected that changes of any kind in the polymer system, e. g. , cis to trans

isomencization, would render the vulcaniiate less resistant to radiation damage on the

basis of this nmeaburernent.

Viziylpyridine Elastorners

In general, the vinylpyridine elastomers( 1 14) are quite resistant to effects of radia-

tion. Carbon-bla~k loaded stock exhibited very little change in tensile strength until

exposure to 4.3 x 109 ergs g-I (C). This stability ie probably duc to the pyridie ring.

The hardness of thi type potyrnex ,i,,crveamer with increased radiation, changing
by 25 per cent at 2.6 to 4. 3 x 1010 ergs g- (C). The elongation decreases rather

ra~idly and loses more than Z5 jer cent between the levels of 4. 3 x 10 8 and 4. 3 x 109 ergv

g- (C). At 4. 3 x 10i0 ergs g- (C), as much as 50 per cent of the tensile strength may

be lost (see Table 39). Specimens tested up to 8, 7 x 10 ergo g,-I (C) did not stress

crack. Fillers appear to have an effect on stability. Carbon-black filled stocks exhib-

ited very little change in tensile strength until exposure to about 4. 3 x 109 ergm g I (C).

For milicý-loadod stocks the tensile strength was reduced substantially at low exposure

doses [<5 .c 108 erga 14 (C)J, remained about the came at intok•ziudiate doses [x 108

to 1010 ergs S- 1 (()I, and inicre;%med at higher doges [ 1010 t)rgej g-I (C)j.

Arylonitrile Rubber

Nitrilt YU1jbvsr (buLtdiLen-uarylunitrlle ,'',,pfolymvrm) haviin ixctolult Oil rki'iotn,'kc
and good hteat reuistunte (illp to 400 F). rur thims reason they have P.,ujad xo•,t•rve use ill

aircraft partgo.

The moat ctoansiiun J11trilij rubbers comoMrIkClaly 4aVllabltm cotain tAppro -inkUtUly ZU,

'b 35, and 45 por cent acrylonitrile, The utl reolitancu improves with the incrcasimu

cultetlt of ic .yluit|rile but, if. thi tuam time, the frezaing point aliu riues. Data hidl-
cate Lhat, ill general, ac, iylunitrilo rubhe rs are about average with respect to radiation

utmiintity. Botb urosmlidkfikg mid chain ,;leavage occur at low and intermediate exposure
doses, chain c-:lavage iprhdmiiimatitig whMim tersilhn ýtrutigUl decreauum and cromslinkiiig

prdcdokmilatiilg wheit it Incretascs. At highcr expmurc doses. crouslinking is vory

PA Cdomiltaitt,

The effect of the acrylonitrll(! contu|,,,. in the various nitrile-rubber compounds is

amot tot) pronounced. Probahl y the nos ,'' egnhiicant ,ffeutt of increase in nitrilh content
is on tensile strength. '1he original tousile strength appears to be progressively lowerm-d
by radiation am thc acrylonitrile coitvent is reduced. Although the eliect on hardnmi n| ip;

,not so prountmccd as that om tensile i;tr .gth, ha rdness appears to increase slightly with
incre:tsing radiations expostire as the zcrylonitrile coutent is reduced. Flexibility and
minimum change in propertics of the imighlc.--acrylonitril':-.contcnt compounds show them

to be slightly superior in radiation res iatance,
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TABIE 39. J I:I•TIEI' WOI; RAD)IATION ON PHIYM(IA, 'IROPI'HIIb Il IL I0 'ASO'') NI{sI(itS)

roe- l dn,.. ... '.!: _ "l- c I. Ir ie S . i,
IylaLcrials ergs g'

1 
(C) x 10-6 :)hioru A A% '., ; k' ' ,

Phillprenu VP-A-I Q ) 7o 3 24,35 Black
4,4 x 108 L) 7. 1-I .,l .'

8. '; x 108 A 8. -•. i 19. 1
4.4 x 10; A0 17,.1 2h, 7 gl. 8
9.,7 x 10) 100 2".. -1.3 150 0
2. x IDo 3J00 35.7 '12. 9 -41. 3(m)
4.4 x 101 bOO 42.0 -42.. 9C3. G(a)

Phlilpreneo VP-A-2 0 0 8i 365 U6153 Black
4.4 x 108 6 3,7 -4.0 -0.5
8.7 "K 108 10 3.,¢ -6,0 1.3
4.4 x 109 b0 3.6 -49. C 2.2
8.7 x 10' 1)00 14.8 -08,1 11.8
2.0 x 1010 o0oo 18.5 -80.1 60.8
4.4 x 10 0 boo 23. .; ,'VO. 0 li. ol()

Phlillprne VP-A-31 0 0 86 646 080b BlOack
4.4 x DO a 2. '1 -25. 1 -27.4
8.7 x 108 10 3. ;s -30.0 -27.0
4A x 101) 50 7. 1 -54.0 -20.
U,4 x lo0I A10( 9.4 -77. 11 -0J, 4
2.0 x .1010 300 15,0 -90. -11.8 a)
4.4 ;x 10 10 0 " -17., 0 -7. 3(a)

t' 7 troil VII 16-1 o 0 "" 40o•S . l -0l.k
4.4 A 108 "1, -4 . .I)l 7,.(
'u'i x. I0 8 10 1' - t." 8,.8 l
4.4 1," -V) .. 6,04 -7, h
0.7 x 100(1 100 ,1:4. f, '. U-16,4VI, o; x 1 0 1 0 3 01 0 1,B A - 8 8 .09 - i4 ,.4

4.4 x 10 600 A. ': 1. - 1 (a)

11hilpilewl Vil-26,1 31' 1; t:.Il26i IBAck

4.4 X JO 4. ,.22.0 -2.4
[1.7 x 10 8 100 15.i -W,. 2 -3, ;4.,4 X 10II 14 U~l I-b l 9 - 3 '

,I.4 x 1100 44.3) 00 '20. 0, II2. L; t J (0! 00 2.8, . g, 0 -27., 3
4, 4 Y., to0 ( 6ou 3.)i fil. 6ij ,•I0. Ica)

Phllf, luune VII-n0-2 0) 0 it,. ,Ihh
4l, ,I x 1 0 8 -). 3 1 .. B la c k ;

8 , .7 A 10 H• 1 0 3 . . 0• . 0 ( 2 , 0~

4. 4 x 109 f' IN, ; -li.1. 8 11.8
U. 1 x oo!) 100 8. -.A. 1 14,4A
2. l; x 1010) 300 11. h-H3. 2 42. .P)

m1) I h eltcWhHIcl w II(o de?"rc ,",
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Wo rk by Sism :iIaa~nd B p ha-- ind it a d that lb rotihold damage. is rcac-ed for'
oit vile rubber c ortainjii,4 35 to 40 per cunt at rylica tiil e at a.a a hso rhed duse of
2. x 108 ergs g- and 25 per cont dariage ace rved at 7 x 108 !jg,,, g- 1. Fur this higher-.
acI YlOVit:7iIO-.tyPe rIobbur it Was found that the comp ,resr,.c-Ji set dlegrades by abokt

25per cent at ana exp~oure dt~se of 7 1. 08 Ogg- f1* (G.Istniesregha is n

creases by aroout 40 per cont and then dt ocrases, and inci-easci, by aL-out 25 Pov cent at
1. 6 x1010 e rg. g- (C).

Rs~eent work by Born(l 1) inrlicates that the higher- ac ryonitr-ie-- containing pol.-*
mf.,r %vcre the more sab~±le when expovad uip to 3. 5 x 109 ergs g- (C). At 10' ergs

F-I(C). crosslinklaig appears to hicrease with increased nitrile content.

Harrington("'I) at General Electric determ-iined the rad~lation Ftability of three
nit rile rubbers cont -injIn differing amounts of arrylonitrile. Two series Wure run, one,
without carbon black and withi a mininiunt of compounding ingredients And one. colltaining
caitLon Ulack mid the tisual compounding maturixal, The nitrile rubbers used ropre-
sented very high (150 pero cent), medium-high (3.4 per ctint), and low (20 per c:ent) acrylu-
nitrilu contenki~t. 'rabi- A-.67 givets tho recipes ilreed for taits oeri~ea of tests while
eigure 1.3 and Tablo A. 68 tshuw the effect of aci-ylanitrilo contorit on the jam.ma- radiation
induced changes Inl the physical proporties of nitriie nlasturners.

Ilatrrington tiummarizod thuou uffectei of acryienitrilo colnteit, sta1.i'~n 'hat for tile
prupwnLitiv ixuamlnbd (twivllo strevgth, elongation, arid Imrdneoii), changub induccd by
radiation uppoarod tu bo a function of thu acrylonitrl~u contutit. These changes aro tis
fullowa:

(1) At radiationi doses up to 2. 6 x 100urga A" (C), tho rate alld par' cant
uf lan.reaime inl tenilie stranilth in rusite r for thume rtiliburs contuitlnljn
hi141lor amclunts Of dc rylonit rile thani~ fu:r tliout ctjlktiiLIj& lllvi l a oic ykIi-
ulttrilo, tho rate of isic toMjo being g Iciptur .Ai tixpjoi Nil oo ar t incvutead

f) 3t.mgatimi fulluow a d Wfe ru,, pa tta in. Nit rilu rubbuer .r toitalii lg I ro
la rgor perci-tae uf~lM a Lv rylunitilti1 hILVu the hiahlokl OkI gilkill (ilullgUt loll 19.

Whn I vi-l-A11tild, (IloI~itign on of these inubipo rs dec tieaS, but tho~ rat o uf
d(ke yeast im nut unifuvrzr AL low radiati~on dos ew, tire per cunat duc rmta o
im groater fn or u lamtoiiiur a having hightilr ac ryhlokt it l coUntelnts thlie [-)v
tlrUbt COltaatlrikiii CoO usA( yJ',mit rile but itt hilgbiE, dusu05m, diii im ruti-
v-rmuu. At o al fimpsmr domors ot a ppoxixiiiatuly 10 10 orgi g -I(G),
along"Ih4.ltlt vf rltrllo rubbo.run te stud approachod it cojimiujiU value rug.p& d'.
lit N of thle riilrile content. A~t the htighe st dose examined
1 1. 6 x 1010 e rgs e- (C)l , the NHnrplor volitaininig thle Irntllr ;in aInuu~tb
of ac rylonitiril e retalined tlirir elongatiolii better than thotie haivinig
Ihigher acrylonlitrile cointents, altho 118h ill all Cases eloumgi tionl vi luct
were low.

(3) With rom pect to hardnesu, ncr yluiiitrilu cuntent appa rently has no
Nkigrificant effec t on the; iic reane cair Ned by exposu re to ioniz.i; ig
radiatioln.

Data on ca tbon black- filled nit r LIe rubbers show that tho amiount of at:rylonitril o-
Na tile 5i1ViIC 0infhti01CC W1o thU radiation stability of the. flled as an that of the unfilled

11.a teri al s. HoIweve r, thc filler anid (Ut -ilg siy stern may vedac e the effect. PaIrke!r and
CU-XVUrker ( 3i) tdied the iffert s of galirna it radial ion onl a g;roup ujf ftiur
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ac rlont rlc-)itd dc'.c Co~hI y c is'oitfliri ing 50, 40, 33, and 2,0 po r cent ac rytonit rjle,
re spectively. They fountd, as did 1-arringptun, that the nitrile ru~bbers increased in ten-
bile streingth whten itcradiated; the greateri the perccntage of a cryiuriitrile, the gruate r the

increase in tensitc, strength. In addition, Parker studied the effect of various types of
CaUres w, the radiatimn stability of these copolyrners. Sulfur, pieroxide, and radiation
cures were itivestigatod.

With peroxide-cured materials, the 50 per cent ac rylo:it rite copolymer was the
miost stable while the rubber containing 33 per cent acryloinitrile was the least stable.
The peroxide- cured 50 per cent acrylonitrile rubber was tie rnost stable of the nitrile
ruibbers tested. With the radiation- cured material, the 40 pe3r cent acrylonitrile colln-
pound had the greatest stability and again the 33 per cer't acrylonitrile copolymner was the
least stable, The sulfur-cured miaterials were more atable than thQ peroxide- and
radiation- cured materialu at acrylonitriile concentrations of less than 31 per cent, but
.less 6table to radiation at the higher acrylonitrile concentrations. Thley found tho 20 1;,;r
cent acrylonitrilu rubber to be the most stable of the sulfur-cured rubbers. On ther other
hand, Bojrn(l 1) reported that a 70: 30 butadione-acrylonitrlo copolymner was the most
Ntable Of -t RsriVB Of 90: 10, 80: Z0, 70: 30, and 5U:50O sulfur- cured copolyrarerm.

Harrington studied uic effect, of fl~ler Onr acrylonitrile rubbei. ý -7) He reported
that, with a 33 pe~r cent acrylonitrile .copolyrner, ao the carbon black loading was in-
croased up to about 40 parts per hundred rosin, tensile aLrongth Wa,1 lowered fur low
radiation exp~osures. At iitterrmediatte and high doao:, tcnzilc ritrongth tineriauold. How-
OVOY , lldLrringtot& Vpointed out that niltrile rubber with no filler hasi a low tensile strength,
whillo 40 to 80 parto carbon blach increasesa (Io tensile streiijith of the rubber by it factor
of 10 (300 pisi to about 3, 100 pot). Trhese Original tonoslle vitlues musit be considered
aiong with the offect of the chaingog d~it tit irradiation.

A filIle loading (if b to 40 por cenit carbon black iincreases the uIttinate oloaigation

of nitrilu rubber, th.1 mnaxtimun elongation buinig reachud with about 15~ parts per hitndrtid
carboni black. With Irradiation, incroasing Amraututt of c&arbon bluck ravult ill a gruatevi

liarrhigtoo fu~taid that hardnessa chatages wern relativoly unAffactud by 0we umutuwi
of abnfiller, but that the l0#11 tho car'bon blacIh, the grouter thai flaxibl~ity of the~ rub-
bur at a Iry lyon vluxpo"e c. Ilrxrrington'* data rarti included tin Table A- 6(j anzd A- 70, and

Th'le effect of filler era nitrite rulbber wus also Mtudled at Gonvalr( 17).Fiauii~ii
based oat Ilycar 1001., a ai~gh-acrylcunitrile NUR, and on 1-lycur' 105;, a niodiuni-higha-
.acryhollitrilu N13IR which was polyruorized at low temperature, and two corairurciai for-
aiulatiuonr, wuve irradiatecd in air, nitrogen JP- 4 fuel, and in Orunito 85 15 ! i. Sianmplt!
irradiated in the J15-- fuel were irrrmL'nsud I week before irradiation arnta ".* I' daysi
aifter irradiation. Theliy wore then remiovod frvin the fuel and tcsted within L, hours.
Samplesj irradiated in the uil were iniraersed I week before irradiation and remnoved
,10 days after irradiation. Thel formaulatiunn are given inl Table A.-71 and toe~tu relsoltu inl
Table A-U?. It was fowid that, ;AI~hough a filler is necestiary for high tensile strength
with nitrite rubber, the piercentage of carbon black did not influence to any appreciable
ext ent Ulu radiation srtabil ity ill ai r. Thu tentsile at rengthi of miate rialsa comnpounrird withl
Ilycar 1001 gene rally inc ruaucd with radiation dlose while ttensile at tength of mate rials
Ceurlpounided with I lycar 1 052 gcte rally dec reased. Ailowever, the filler appa rwitly had a

finlle c flt t oil the teir sile at rein gff of the eia storse -s while imrane rsed inl JF- 4 fuel.
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T I w tens i ~I' ciI rot g: I Io b1 ir .U b'la bbik- l'ill~ I I v( ,a-(m it-6 f dQc Ft reacd illitrlkecliy wheni irrxd i-
ated( ill LJ1C fuel. 'I ho s w itimit c A rboti black, athu having it low inlitial tenlsile_
strengpth, -work! kmore rca ista nt to) radlijtion. Ihere w-I r 1o dilfercnce im the elffects Onl
clollga tion.

Johnson and Sicilio at Gonvair, comparinge nitrile rubber's having a hardinesis of
40 and 60 to 70, found little difference between the effects of radiation at a dose of
Z. 4 x 109 orgis g- I (C) on the two materials. ( 115) Origlinal tensile. strexigths8 of the two
miaterialo werc the. Eaiii, anid after irradiation the differences were slight. 13oth rub-
bers sihowcd very good stability to this radiatip~i exposure (see Table A- 73).

Nit rile.. rubbe r packing compounds, fiiel-cuJi liners, and hose tube stocks were
irradiated ane, tested at room tcniperature and 158 F by workorafi 1 , 51 ) at The B. F.
Goodrich Co. J.'ableb A-74, A-75, and A-76 ahow the datti for these tests. The brinle
stock cuntajn43d 85 partsi of nitrite rubbor and 13, 67 parts of S)Il rubber by weight. AlnO
inCluded are data for a nitride rubber- vinyiite bladder stock for comparison purposes.
These data are found in Table A-77.

Ani exanlination of Lhese table.s will mhow thal. nitrile rubber stocks are affeeted to
a rnut.a gtatui' degroe by Leat than by radiation. Ten~sile strength wau niot axffected by
158 F irradiatitm to any appreciably gruater extent than room- temnperature~ irradiation
4Jxcupt for the ziitrile rubber-SBR tubu stock (Tab.'. A- 76), I'ensile utroxg~la of thih rub-
be'r inc-oituocl whon i r ridimced at ruoin tol&e. A-41,11 Ve Wheni irradiated at 158 F, tile tvtl-
bile mitrunjjth Inc roitod unitil rinl ox1Jotiti dome of' 1. 7 x 109;rg. 0 - (C) wats reached and
thel doccruavud to appruXiflkately thle orighnal value lit, it dosea of 11. 9 x 109 orgs g- I cw
the nutxilmnur OkOAp11t domlue for this tout. Mouct arnd raditiotln effoutm were found otut toi
bit iidditivu. Chiaigeli fin elonigation and hard~ness wero about equivalent for, both rouni-
teai pe 'tu raw mid 15~8 F irradtittuio. Anitirtidti quitnhyd rein, or Akroflow. C, avt. only :a
slight heIIj, IoYlI~IaI4t, UIt uin0IC teimpor~itu rct and ISOil F wicd that wait primarifly with xc spout
to o lungstie 'n. (Ueiku rally, nit rilo rubibe r mtie '.k uittni lihik heM0Inhydeulne shuowd groiliteir
Iimli'ovfiemimit fiti stability than (lid Itwite! citoictiejaig Akrufle, G.

CUOnIJIVOWi~ s iN et oif I lAeee 1tvilt i* VIdL ru 1'v titock was itl s datermineod lit ail anid
11c111itil ' od inl I'l a1llyl dijehetuyi 410h111' hylclrillliC fluid. (5 1) Thu sabies01 wCet xeOl Icoh q ape atod
i.' 1011et. c otnt anld Ir'radiated whilo mit nue x nipji' rn niio. Talicii A-78 givcv the dotou 10101 rod
fill SOU 1)11-I t'Vilt 80t lilid the ioipet inset after, an expsoutro of 5~. !3 x 10 o *rls g- I (C),

U*ýk; niiiatimee of Uie' xi-4suit ti of ixii r~llo- ubber stocku irradiated at roami tenijev a-
hire Wixil e tixllel 45 pox' (1111t Compxj ti-cmi mue showta that the x'e is lii tie diffo runc e betwuen

thim llxiilreamusoix uut induced by rldlati in wixuthe. ()I ch s ples 1ar. fin air, or' in the h y '1rau-
1Ill 1fluid, '111 Conxp i'sH ionl out of' ixitrile robber is g xuel-ly fincree sud whwn the rubbv' x is
irr`adiatCdu %while on I-pro sUted. Axitir'di. prCOVide 80oxU! inipruo'urn'ent inl radi~ttiox- iniducedl

cotupt s m soix t, of this rcibbe r. '1he* MaxixonM ifixeproven'xetit in -orrlPre auaion acet io
semi ill the, n itril~e-rxubbe x bladdei stca(k COnltiainluig quitih ytront' wheniuz Iradiatcdr whilet,
tixix ci 5 d inl ailtl> diphxenyl ether x'(oxrnpres siiun set. was lowe red ?0J per £cunt ait an
expositrc dube of 5, ?_1 x 10' L'xgm g- (C). Cornpression set resuilts obtained at Coll-
vai' (17) were Ill a greeximetit with thec Good rich re sul ta. See T1able A- 79 in the:;fleinn
for Colix'ailr tesit resu1[tlt.

I ý,c addit ion of fivc pa i1tu of axn antiox idexxt. (Antiox 40 J0) inipiovnyca r,id xatjlo re:-
sillle (1 33) (le' corlipos it loll did loit hec-ortiuc stiff or' hiittle unltil 111 vXPono rt do:e; of

101C) ergs V, (C) h1ad buceut Tihd he adrdition otf a iThctiol1 it rusam to t nil riLe,
e'li~tI~tf *op~'iiiunappoel'rs to Lupx'urve ri hai~ton roi'eniaitxc S1i "Ifitly.



ALl nit rile-type 'lastomers eXc,.pt the arl;,×ytic type., such as llycar 107,, tend
to strmes ctrack. Ilycar 107 did not stres:; crIK al I .6 . o10t ) erg)'H g- I (C). It is in-
teresting to note also that thi:; po t ynmer is rosistant to oznme cracking, The various daia
therefore suggest that oxidation is the ,imajor factor in radiation deterioration, oi iit rilea.
Studies indicate oxidation is very prvnounl( ied after expoitire to approximately
•1. 3 x 109 Crg s g- I (C), Therefore, in prelparattion of nitrile rubber compositions for
tadiation use, antirad and antioxidants should h, t ilied, Some nitrile rubbers were
tested in corirponelt systeois. Th'eset! wore discovs.esd in the sectio)ni on coniponent..

More -i'eently, DcZ(eih( 3 0 ) irradiated butadihne acrytonitrile rubbers at gamma
doses ranging f-oro 9. 3 x 1o 6 to 1.86 x 1011 ergs g-I (C). Recipes for the compouads
used in this study are listed in Table 40; the results of expo.•urcs to various radiation
doses are presented in Table 41. Compound PXU 3005A (nihriie typo) was relatively un-
af-fNcted by radiation up to 9. 3 x l0, ergs g- (G). An increase in the 100 tier cent
AIMPdulum possibly indicated a beginning of a deterioratiun trend. The volume change of
3005A after 7Z hours immersion in Type III fuel was slight except a6 9. J x 109 ergs - I

(C) which had an approximate twofold Incr•,axe; a large change occurred at 9.3 x 103 erge
g- 1 (C). No nignificant changes wore noted with Compound PXU 5333 (butadione blend).
0-riigs preparod froiji PXU 5333 (and MIL-P.-5516) and .cuted in a jig at varying pros-
suras and temperatures pased all testa up to 400 psi in TlV-4 fuul at room tempera-
turea however, failure occurred at -65 F. railureL1 also occur'red whoi using MIL-O-
5606 at 3000 psi amd -30 F,

TADLE 40, RX.CIPES FOR 1ELASTOMIARIC COMWOIUNDS

Ligredient- PXJU 3001 A PXU ý§333

llyrar 1001(1) l0t, 0 --

Ilycrir IOU?(b) -- 8(0. )
P1hillpreaa VP- l '(c' _', 0
lIo~''losoit 1.) A --

Zinc oxide 5..0 5,

stuarir acid . 1, 1
SPFk' carbon bluek 40.0 --

ISAF carbon black .. 5. 0
'retvran ,Ahyl thuram diuu!fidt ,'. 1, I
Zinc dibutyl dithiocarimnmati . ---

bunl.u thiazyl dimulfide -- 0.8
4-M L1 tmtulpt bea1cthiai 01 ... 0. 1
Te:llu iub dicthyl dithioe lrmliadtt - 1. 6
Tell uy o.6
Tetra chlorobutzioquinwne -Z- .0

Gure 4c :,i n/A tO 1' 60 ,ziin1/310 1F

(.i) 5uitlh l2ilW -.. 'ry|Iuririk I" (lpotyiut..;.,'4lO p0l ell, ,,Iitiblued ,1{ rylimn i Ih-.

( bi) V il , tyri lm lc tt : t3 r , ltl s.ll[ 'c tylomtslh.,
(1:) Villyl ;lyM11t10nlt'rbbtt.
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Tn'Isill, 100( PC[ Gentt )urIc Swull,
S~rtfnt:1.i Fh~lalr i m~tt , It)1dtlIg, J fV u7lt Brittle. 1Point.

mtpumW11d erg: g 1(C) ps pr coltt Psi vollume cdialit I.

I'XL 3003 A Cuntrol 271r - 26. 0 -207
9.3 x 1013 272U 910 227 24.6-2
9. 3 x 10 2450 ti31 241 28.3
9.3 x 108 21100 960 2 7t 2.9 -'10
U." x 109' 28.7 860 20'? 40.1 .;
9.3 x 1,010  2315 8f0 Q6. 25. -J (

PX 1 5.143) Corntrl 3000 450 -459.0 -V0
9.3 x 106~ 3090 430 610 39.1 .104
o.3 x 10o? 3 U'.5 430 5114 bu. 0 -104
0.3 x 108 27(60 2180 641 62.0o-G
R.3 x 109 31'70 430 63i 1 1.0 -107?
9.3 x 101U 21140) .110.3 -1071

Neuprenct Subber

Neoprene rubbers (polychloruprones1) arc rcultitant to aLiphnitiL oilki and hlave Ux..
cullont rusdimtanvd3 to outdoor weatholriitg, ozudoe, and he~at (up to 260 F.). 2'hoiy have good
prt~ucumirI (.haractoriutle a, and the phytoic~aJ properties uf tha. pure gurn i.:r~omiltjuum are
good, Thuy hravu poor root~intancu Iito aromnatic uilm, chlorl~inatod and otheir pular u' s~vount
1&avC a owtitlllttU action oitt imoprerie. Ncuprono im iiittilatr to xiitrilt, rubber with reapot1;
(It. raSdiationl rumul~tauctti. iVata .4u~ggitit thait Okitfiu 4.~Ieav4Lg( o( cII u with aicuprone lit lowar
uxpomuttra domigaom. At hiighe-r 'xputelute domi.&(tim, wt'i.oro there is un ;tbrupt rime in tuiua lie

11 rringth, c:rostk' 11okkia p rodomn~ ateum. N4)ojroulil dro wit Wsow uvidtitwo '4f itroll ja : ye (kjing
at I LS'x lUOu~mg (C).

11a1rringtona( 1 ") saunnaizui'~d nlu work uit how ritdiaoth affu~tm tho phymica1 proprpI-~
*Oe&, of HIlu vortnitmly tluod tyltc d of eoupronej polynkoIa p i a how omume coinpumtidaing ill-

'L'diwtstI& co ntributu to Ukl~uae chalnge. In gE~mural, tomiiui.~ mtrangth to the *)I-pt)J rty maust
smiImitivu ill reflecting thll Olganga cur~iud by~ diffoi-at ursE~iount liRed typti a of cornpoumiiding
iligra#diut~n W. Yl'Lrs'M hl pa rtlcular, rugulaLe the buhavior ol telAmilju h'trunthXl l'luxi-
bility ia tisio a relativel y seonitivo pro'tterty for- rIulltiziOn chatigusd ill nuupreuflea tfter

ii'rrdiAtitjn. Oxygeni 4ppitrunItly playai a m~inlor rolod in radiation- indutictd damai~ge to tioo-
prvnej. Ani aria) yain of th, dtat hwhowd that fzuoquuntly cerltail eufoctH austid by nkiale-
rial a are mas~ked (tat Ly off~outa of ut~h urn. Overa-all chaa~ge a are roughlay a Nduia of il-.
dividual siet effecta.

Tensile iutrungth of irradiated neoprone varies dependinag oil thu type oY polyint-t-,
1-u t, anfd additivc 8, but ill genleral, len 14l~e btrengthi dec roau s' up to a, rad iaLion expo() rI u
dose of 4. 3 to 8. 7? x 10erge; g- (C)( 121) and thca ificreiaca with irtt twtkti~itg radiattionl.
Elongation du uieawitil inc roai ud radiation dose, while ha rdnesti does anot t-hanlgc up
to an ab~urbed (lose (if '.1,ý A !0 crgs g- (C). (M~~)

A runatiL pla stic izerso appear to make neoprene cornpoAition 1 mo re btable unde a
radiat ion,. A ct.nape stit ion conttai.ning 50 partsa of sutch a plIastic;izer tihowed Ilittle change
in t'tn~Ipropi-ititri on cxpoaurtrs to 8. 7 x 10) t-rgi g- (C



Ju1inson and Sicilic, (1 15) at Colivair 11 d adiated a acu~pren rub rcopounded to
)wave a Shore A duron-icter hardnes.; of 40 and one curmpoundedI for wk hardness of 70 to 80.
The rubber wa-, not identified as, to type. The~se ý:oxpoumhs were irradtiated to an C%-
posure dose of 2. 4 xc 10 9 ergs g- 1 (C) (6 xc 1014 fast n unl-2, 6 x 1013 nv,.t, and

5 1016 ý Cm 2,No changes in ne~chanical properties were noted except for a slight
clccreaseo inLtear strength. Data are given in Table A-90.

Three neoprene airc raft comnpouinds wore included in the test that workers at The
B. F. Goodrich Co. conducted on thle combinied effects of radiation and elevated temper-
aturcs on rubber coinpounds, (11 5 1) A neoprene wvirc insulation, hose tube stock, and
packing compound were irradiated and tented at room tvrnper-ýture and at 158 F. The in-
sulatiork arid tube stocks were based on Neoprene GN whilo the packing compoutnd was
based onl a 60:40 Neoprene W-Neoprene WHIV formulation. The results of these tests
are, shown in Tables A-* 40, A- 56, and A-8 1. The packing compound had very poor ra-
diation $Lability. This, cc'mbinc, with pour retention of properties at 158 F, 1gave a. ma-
terial with very low tensile strongch arid per cunt elongation when irradiated at 158 F.
The otlier two compounds Hhowed better radiation stability although their initial tensile
litrtingt~hil l~ uwei- than that of tho packing compound. When Irradiated at 158 F, but
tested at, room tfmperaturo, the coislzrlacd effects of heat and irradiation of the packing
compound appearedi to be, greater than tho additive effect for heat and radiation. How-
ever, when Ltouts were run %t 158 F, the conibined effects wore less than the addition of
the rardiation and heat ef~ecta.

T1hemio ceznpounrIN were Wloo irradiated while compressied 25 p~r cent and the corn-
promil~tik set determined. Table 424 Iliveti tho compresuion wat when Irradiated in air and
when Irradiated. while immnersed in -mn alkyl dilphenyl ethier (C 1 4 -C, 16) hydraulic fluid,

Nooprcmm in reportud to mwell badly in the alkyl diphortyl other hydriAulic fluid.

jlypAIoal (Ghloro'julfowitud Pul yothyiuml)

llypdtloii hasll (3trU11110iy gOodI reUNiut~ate to oxidation and haso good niechanlual prop-
artium, Al~thutgh itm resilience iu genraorlly lower than thuat of wuoii. euIbers at rousi-
14rI O"W" tu Ve, it il!' 04kul tO Otr buttur tli i-i those of other alastoino rm tit '14 1 4 . It vat be
umed cuntinucuumly Lit toamixorriturem up to 4Zi0 F' and for Intermittent service to 350 F, anid
cull b(I coinpoilldal t or low- temlperature. rosiatunco, having a brittle tunmpo ratiure of -40
to -80 1F. It listm goiod rumititaiwe Lo oil, gruabos, Onlcvilnicil s. It is resistanlt iv Iwo11-
loig tiltric acid, but It Is advvrsely ufferted by Leontlauoute conttact with aromlatic or
(:hlOUL izkititedI hydruca rhon s.

IBorti(13) descrilies the radiation resistaw, -e of the puire gmai, compound of H-ypalon
as good, buxt the radiation stability oI tile black utoek in depicribed! at h eing between
those of nit rile and polyac rylik rubbe rb. Te sts are irnifted, Int Ilopp and Sismanl( 76),
and Buioru "0 indicate that the radiation Pitabi1 ity of I lypalon is tili~ghtly less than the
ave rage radiation ate bility of the claxitomeri,.

Onl irradiation tile tensilo ktarekgthk of I Iypalon" ") follows two trends: (1) it re-
Ilinn ins falirly C,0118t"Ittil at ;iproximedtel y thle o ril'iuaIi'us ie trnhvalue tip to
8, 7 x 109~ ergs g- (C), aftur whidi it cmitinmust to im rcase with higher exponure dos4!,
Miid (2) it 2,)CL-aealea at low e!xIOSkire do~sen, drops considerably at about 4. 3 x 19eg

9' (C), and tlieri coiitizi, inlcri;ase wn cont imu'd (txpoi')Hne. H a rdnes i ri(:rea ses anid
VLic~giltiOnl dcc' IaNSCS With ((ItieUed e~xjpoSItiro.
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TADLE 42. COMPRESSION SET OF NEOPRENE AIRCRAFT COMPOUN4DS IRR1ADIATED IN AIR AND IN ALYTL DLPHENYL

ETHER (C 1 4 -C16) HYDRAULIC FLUID(63)

Dosw: kequild fur

Preirfadlation Comnprassin Set Compressiun Sul After "0 PCr cent

Environ- Average Time, AvOCAge Set, Exposure at 6. 23 x Compression icet,
Compound Antirad ment dZys per cent 100 Ergs L'- CC) l0'e g5. g' (C)

Wire None Air 4 6 49.3 81.7 t. U5

InifikitAlun Akroflex C Air 48 45.0 78.6 5, 31
Quinriydroa• AIr 40 49.4 70.2 1, 57

None Hydraulic 10 537. 4 80,3 1,07
AkWr41 C fluid 04 40,. 8.:. 0 1. 3X

Quihdydroite 07 17. 0 700.7(a)

Packing None Air 40 20. 4 ,'76. 1 31
compound Akrollex C 47 1i,•2 71P, H 2,.1.H

Quinhlydroise 40 40. 0 AV , 1 (). 'f0

Nullo IlydtAulc H. '? 8 .,• ).-2

Akroflox C fluid 'Il 7. A 70, 7 1, ;G

Qu1isiyt(hoi 'le 23. 0 '/0. 3 1, 2G

Howe tuWh Noin Air 'M a0, a 74. 1 1, ,|

stuck Akroul'ex C , 42, 'l ii ,0 1, 0U
QuIhhyidrulis 40 32.7 70. i 1. 06

Nolle Ilydraulic 70 ?5. a 'T7, ,3 ',66
Aktollox C fluid 07 30. 1 '/b. "1 1. 31'.
Quilniyrtoneo 6J9 V0, 4 79', 3 1.01

(a) Compretsion set afrr expOsure at 4.J6 x I0 ergs 8-1 (C).



Data suggest that aromatic plasticizers such as Keriflex A imnprove stAbility.
Antirads alone do not seem to have any apprnciable effect oin stabiLity. There is no evi-
dence if flex cracking of Hypalon-type compositions on radiation exposure. Hypalons
appear to undergo crosslinking at low and higher radiation doses with few exceptions.

Recent information indirateis that the comprevsio.n set of 1-ypalon is higher than
that for most elastoiners and therefore its use as a gasket material may be limnited. (138)

Harringtoe(I 2 7) determined the effect of gamma radiation on the mechanical prop-
erties of both litharge-nmagnesia- cured and epoxy- cured Hypalon compounds. The
epoxy-cured material increased in tensile strength to an ex-posure dose of 1. 9 x 109 ergs

I (C), but decreased with higher exposure, losing 22 per cent of iti original tensile
strength (original tensile strength was 1980 psi) at a. dose of 8. 7 x 109 ergs g- C). The
litharge-magnesia-cured material decreased at intermediatc doses, but at high doses
tensile strength increased rapidly. Elongation of both materia's decreased with increas-
Ing radiation exposures. Data are giver in Tables 43 and 44.

TABLE 43. EFPf•C.T OF GAMMA PRADIATIOtN ON TIHE MECHANICAL PROPERTIES OF
CHLOIROSULPONATEDOLYLENE R-.DE,. (127)

Hanford Exposure Dose i___ltl_ l Pro2stiies anl Per Cent Change
SampIi mrgs g-A (C) r~iagrin "Iardplie - 0longatioii Iser!le Ssrelgth

Designation MalterIal X 10.9 X 10-C Sore A A % Per Cent A % PsI A% Reinatki

A21090-8 Ilypalon 20 0 0 60 410 1610 Black
(litharge- 0.44 a 0.0 -22.0 -2.9
n•niesisa 1.0 22 20.0 -49.0 11.0

ctued) 4.8 56 1,.3 -73.2 -2,.0
8.7 100 30. 1 -850. . -317.8

26 300 63.0 -07.0 01.3 (a)

A2109D-9 llypalon 20 0 0 t80 1) VISO o Black
(epoxy Uureud) 0,44 0 7.3 -25.7 0.6

1. U In 20.0 .14H, If 11.6

4.8 00 32.7 -2.i)9 7.3
070 310. •N -71. 4

300 bu. 4 -91.4 44.0 (a)

(a) Bl.uke when Ihnilt 180 degrees.

TABUL 44. RECAVES FOR .IILUROSUI.FONAIEL) IPOI.YETIHYLEIIE
RUBBERS -ISTED FOR HADIATION STAIWILITY(1€27)

Ilypalon I-lypalohl
Matellal, parts by weight A2100D-8 A21041D-9

Itypalon 20 100.0 100.00

Lith~a~g 20.0 -

Magnicia 10.0 -.-

5RF Black 10.0 20. 00
NOt: 3.0 --
mTs~r U., . 50
'l'trot e A 0. 1.150

Epot 628 -8- 15.00
DOIG - - 1. 2o

Cur c. 1ill1/1, 30/307 :30/307
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Polyacrylic Rubber

Polyacrylic rubbers (saturated polyesters of acrylic acid) are very resistant to
oxygen, ozone, and light. They are heat resistant to 350 F and resistant to swelling and
deterioration in oils, particularly sulfur-bearing oils at elevated temperatures. The
radiation stability of acrylic rubbers is slightly inferior to those of nitrile and neoprene
rubbers. A dose of 109 ergo g- I (C) will effect an over-all change in physical properties
of 25 per cent.

Butyl and ethyl acrylate materials appear to behave similarly on radiation. Their
hardness increases with. increasing exposures. In general, tensile strength increases or
decreases after short exposure, remains relatively unchanged for intermediate expo-
sures, and drops, then eventually incre&ses with prolonged exposure.

Data suggest that, in general, acrylics undergo, "p to 8.7 x 109 erg g-1I (C),
slight amounts of both crosslinking and chain cleavage with cleavage predominating.
At high exposure doses, crosslinking predominates. After an exposure dose of
4. 3 x 10o 0 ergs g-" (C), their tensile strength decreases, which in indicative of the
predominance of chain cleaage. There is no evidence of stress cracking of acrylate-
type polymers,

ThQ polymnoir-type imat•riala may be a factor as to radiation resistance; for ex-
ample, for the copolymer of ethyl acrylate and chlorovinyl ether (Hycar 4021), the ten-
sill utreaigth iu lowered consideraoly at short and Intermediate exposure doses before
it rises at the higher exposure doses. (133)

Polyarrylic rubber, like most elastomers, davelopa a high compreasiun set when
irradiated while compressed. Data reported for Hycar PA-Z0151) are prssented in
Table 45,

TABLE 45. RADIATION- INDUCED COMPRESSION SET OF
POLYACR YLIC RUBJ3E-( 5 1)

Prelrradlation Compression Set
Cuopre'asluui Set After Expusuru Doue Required

Average Average at 5. 23 x 109 for 50 Per Cent
'rine, Solt, Erg. G" I (C), Compression Set,

Antirad days per cent par cent ergo Z I (C)

None 32.5 13. I 87,9 8.4 x 108

UOP-88 3Z.5 12.8 62.6 3, 74 x 109

1ycar PA-ZI shvwed the moat rensponse to potential antirads with rempect to com-
pression set of any of the rubbers tested. (51)

Silicone Rubbers

Silicone rubbers are highly rejistant to high and low temperatures. They can be
used over a temperature range of - 100 to >500 F. Tenrile properties of most silicone
rubbers are relatively poor. To obtain good tensile strength and maintain
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high- t<owmpratkire proper~tiesa, sil'icone rubbers 11aC' usually ro inf'.rced with iniorga aic
tllers, suc1i as ailica. Oil, fuel, and fluid re.-istances of these rubbers are gene rally
inferior to tnose of nitrilc or neoprene rubbeirA. lio-wevr,, some modified siliconcs,
such as the rnothyltrifltuorcipropyl arid nitriloalkyl siloxanes, have good oil r-esistince.

A varicty uf siliconre elastomrncr, having different chemical conigtituonts, are rian-
ufe ctu red today. These. consist. of six types: dirnethyl, rnethylpheityl, methylvinyl,
m ethylphenylv inyl, methyltrifluorepropyl, anid nur ilualk yl siloxane a. Comuposaitions of
most of these have been irradiated and their phys-cal and mechanical properties deter-
mrined a..er irradiation.

On irrzdiation, the damage to silicones will va~ry with the type and amount of ir-
radiation, the ',composition of material, tine of cure, the volume of the sample exposed,
and enviroenryental factors. PRadiatien attacks silicones directly and Indirectly by loniiz-

Ing the, molecules, which indirectly leads to the formation of free radicals, othylenie..
utuiosuratiozt, and molecular rearrangement. Au a result, both croselirdking arid chain
scission occur simnultaneously, but not to the same extent.

The principal effects of ir~adiation of silicone rubbers are those of crosulinking.
According to Born, the resultant effect lo equivalent to overvulcanization( 1 3 9 ). The
hardness, stiffnems, resilience, hytterexia, and modu~lus of the rubber compound in-
crease during irradiation. The abrasion reoiaistaicu, tensile strength, and ultimate
elongation decrease. A few exceptions exist in which chain Priusgion. predomninatsed. The
tensile strength, uWttratu elongation, niod"lurs, and hardness of fthese rubber compoundo
decrease.

It has boon notod that radiation damage to ailicone rubber is lees severe in an
inert utinosphere than in air. Lmnmarnior of the rubbeir in lubricants, futile, and hydrau.*
lic fluids during irradiut'.on ~i-iay linhibit daetsriorationm, especially if Fiir is excluded from
the sycteaii. Certain typejo of atrasses Incroase tho riadiation damage, for oxaxmple,
utretching, twisting, rhearinN, arid towelling forcon. OA% the oilier hand, cornpreanton
may detcrease radiation damage.

Ira general, silicune alastonters oni irradiatiuon iincruase in hdrdikess and tensile
strength and &Qrcrasu iii oLongatioii. Qoniiroosiori not after irradiation is itwually pour,
being in the range of 88 to 100.

It io felt at Con~vair that Com1pression- sot data obtained after irradiationi givos mim-
loading infurrnattiti. (140) The purpuos of cominpressutn del is to test the curo of a rub-
ber. IUndercurod opecimens have high comprni uLn set while that of aovrt.ured samples
is low. However, if the sample IW placed under comnprutision during irradiation, the
amount of curing StreWs up as a sharp Increase rather than ii decroawse in corwpreosion
aeL. Crosslinking occurs In the stressed position mnaking the per cent s!t very secnoitive
to irradiation, In testsu pe.rformned at Convair, Newell reporto a pornranew1t set due to
irradiationi of 100 per cent for Silastic 7- 170 (dirnethyl siloxante) and Silautic 250
(methylphonyl siloxanc).

lin genecral, it a ppea ra from IIa r ringtona's we rk1 00) that the radiation rca is anc... of
Um, ta iliconte alautornur depcends on thie type arid ai-Tiunt of L~rgazric groutps on the maint
tailicune chain, The pherryl types are moore resistant bec:.e.,L of' 0c presence of the aro-
mat ic. ring, which very likely sibsEorbs the radiation cenergy without a (fu ting the other
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Parts of the c:nolecutc. ThJe dirricth yl siiiconus inc rease both ini harcdoests andl tonisi lt.
strength on irradiation. There is a decrease in elongation. This type. of siliconie will
break when subjected to bend test affter exposure doses of 4. 3 x i109 to 5, Z x 109 ergs

g- (C). S-lastic 160 broke after an exposu~re dose of H. 7 x 109 ergs g- (C). Mdethyl
vinyl silicories increase in hardness with increase in rad )iation. These matcrials4 break
un beadini~ aftei exposure doses of 4. 3 x 1.0 o 8. 7 x iO0' ergs g* I C). Certain mrrethyl
phenyl silicones, such as GE 81504 and Silastic 675, retain flexibility up to
2. 6 x 100ergs g-1 (Ct). Most of these materials decrease in tensile strength with in-
crease in radiation, and all harden on radiation exposure. 'Methyl phentyl vinyl silicones
act bimnilarly to methyl phony]. silicones, and those tested broke on bending after
8. 7 x 16"' ergs S- (c)~.

In evaluating radiation- effects data on silicone rubbers it has been found that in-
vestigators do riot always agree as to the resistance to radiation shown by -"he different
types. of sili1cone olastomers. Warrick, of Dow Coraing Corporation, reports that a
phenyl-type sitaxano rubber with about 80 per cent of phenyl can absorb more tlan five
times as much radiation as con .. entional dirniethyl siloxanes for equ~l damage( 14-). lie
states that this type of uilicone rubber "is comparable to the best combination of intirad
and natural rubber Int rootts&-teraptrature radiation exposure and is outstauding ini a cuzil-
bined radiati-nn and ternperaturp environment (200 C)". llarringtork(1 0 0 ), of Gone� .i

Electric Company, explains that phenyl types, are auperior clue to the presence of the
benzene ring which can absorb inure energy without disruption of the molecular atruc-
ture. ]it hi. opinion, the rnuthyi.viuy). types are interitidiate and dirnethyl compounds
rank third. In all case.s, experimentars havqe found that fluorinated silicones are Least
reoistant to radiation.

Oni the other hirnd, at Convair, Fart Wortih, Texas, Nowell finds no evidence that
aiiyof U Utra pricial goups disothy mahylphanyl, and inethylvillyl, is more

reitn to raito tha th uto w(4 ie reports that maithylvinyl viloxaixo And
di-ot~hyl ilioxane show- the b~msl i-Piliation resintance.

Data from tusty performed by IlaNriiigtui. atnd that of Nowell tire prosented, in
kFigureis D- 26, b3- 27, and H~- 8. It cim be noticed that thteir results differ for certain
typeso. The moust, significaunt dimagrieement exista in values reported ful, tulksilu witieigth.
The average value for por cent chango ill renirilt strength of atll dlrniatlyl ulluicnuis
touted by liarrington shows an increase of 40, 5 por cent while the averago value of dauti
l'UPQ1tud bjy NOwiall 11 -5 Pill Lwit. The uveragti value fur tenswile strenigth of cdinithyl
siI~xlowanv shows an ini--ease fromn 772 to 1, 049 psi as reported by H-arrintgton and a de-
crease from 816 to 775 a. reported by Newull. Methylphvanyl siluxano alamtvilluru UhUw
a duc reas:' fromn 834 to 751 pal according to H-arrington and an in1crea~se front 744 to
H81H psi according to Nowell, Ani incrcaso of 127 psi was reported by florringtoll fo~r
miethylvinyl siloxanes while Newell reported a decrease of ZZ6 psi. Newell reported all
increase in hardness from an initial value of 75 to 132 for matIhytphoiiyl silloxanies.
Harrington's data showed an increase of only 60 to 83. The results were relatively (:On-
si~tLtnt for the rrnkainder of thit toutm. H-,11nusp;incra~~ in all cases. kflongati on de.-
creances by more than 50 per Lent.

Thu difle rrencett in prope rt'eS on irradiation afs found by different inve stigators may
re!sult 'rum differences in the type and state of vulcanization of the resin namnple ti and in
thei( test. procedure followed. fit the test procedure, the radiation 8011rC e, dor e rat(!, and

ipprnin-ation~i srn:Žde in calc'ilat ion uf do se rate. aro- important va,-riables. Coti tequent ly,
ini repeat ing data it is extrernely inmportant to indicate (1) a full histo ry of ihtc spec inice
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tc sted, ias m cure, size of sample Lind exact composition and (4) exact conditions of test;

.e. , •-ourcu of radiation, dose rate, and the environmennt of radiation.

Data indicate that there are a number of ',ctors which can influence the reactions

taking place on radiation of silicone elasts)..ei -. These are (1) the structure of the aili

cone moPecules, (2) the vulcanization systern, and (3) tie presence of additives, such as

fil!e.'s and antirads.

It was mentioned earlier that the reduction in aliphatic constituents of the silicone
molecules results in improved radiation-resistant elastorners. This effect has beeka

studied by Warrick( 1 42 ) and by Fischer, Chaffee, and Flegel( 1 4 4 ) of Dow Corning with
both gamma and beta radiation. Figures B-Z1 and B-ZZ show the results of these atudies.
In these figures, the aliphatic groups are represented by ealiphatic' where

Z• all electrons in aliphatic groups"
ea lip h a tic a l a ll e le c t r o n s

From the figures it can be seen that, with compositions having a low aliphatic content,
i. e., 0. 126, a marked improvement in radiation is observed. Ret.ont studies indicate

that the best radiation- reuictant polymer prepared io 23 times more radiativn resistant
than the standard polydirnethyl slioxanes represented by die extreme right of the curves.

Warrick has coraapa•ad elongation studies performed on low aliphatic silicone

elastomers with those performed on other alastomers at room temperature. The com-
parison (see Table A-82) shown that the low-aliphatic silicoues are more resistant to

cbadgeu in elungation than are organic rubbers, including natural rubber cont!%ining an
antirad.

Also, it was found that the sairn basic rolatioeshlp, held on irradiation with a

Vani de Graaff generator (beta ray). See Figure 3- 30,

Further evidence that a reduction I0 sliphatif: ii the sllico t oLeticile produces a

more radiatioi-roslttitant polymer is noted In the workof ±'iober , lie duse: '",d the

cromplinking or curing of phonyhrnathyl r'iL1:ones by ritdliation. The G-yield for cross-
lhuig of the dirnethyl silicones, known to be 4. 5, is redutad to about 0, 8 in tho phoixyl-

methyl Otlicone system. This may be considered proof that phenyl groups in an organic
m~-c.-ecvxle (n:e its ability ton O. .IphLt high-energy radiation withiut bond rupture.
Cleavage of the silicone-methyl bond occurs more readily than clleavage of the kilicon-

phianyl bond. Almo, during irradiation, silicon-hydrogen bonds are pioduced, Two-

thirds uf the Si-H bonds are formed along the chain, the retnaindcr at the terminal
-ilh:týu•ii atuniu The radiation chomistry in the curing of phenylryiethyl siliconus corn-

p•xr• with that of the curi.ng oi dirnethyl silicones. The bondo involved in crosslinking
are Si-Si and probably SiCI1ISi. Very fe'w crosslinks are foried through the phenyl

group.

Vulcanization of silicone rubber is postulated, by Epstein and Marans, to occur by

a tree-radical process(14 5 ). During irradiation, methyl grioups are subject to attack by
fragments of peroxide vulcanizing agents or by free radicals produced by radiation

energy. Both hydrogen atoms and methyl radicals are formed and react with each other

to give hydrogen, methane, and ethane. They indicate the following as the mechan.sm
for action of radiatioh on onv-mh.Lzed biliconeo.



CH3 CH 3  Gt113 C1il

SSi -0- Si 00-...... ---- S -0-Si -O - 4 H1
I I radiation I I
CH3 CH3 GH3 GH3

S i I -ccwi 7 r rubber

o r

r CH

-Si -O- Si - 0 - + "CH 3
radiation I I

CH3 CH3

Formation of Gaseous Products

- H + C1. -3 C1- 4  Highest yield

. H + . t1, OHZ bitermodiate yidl(i

. CH3 + . CH 3 - -- GH6 Smallest yiold.

On the other hand, methyl radicals or hydrogen atome could abstract hydro on

atoms from the chain, ro~sulting in the formation of hydrogen and rnethane.

o 0

1-1 + CH 3 -Si -Ci- 3 -.--- ~ iJJ 4 - CH~ -Z Si - 113

(O 06 o

1H3 + (,H 3 - Si - C11.-CH 4  + * - Si -

I I

O 0
I I

Crslikn ocxukttefloigmknr

, CH3 Si CH3 + Si - Cl.j- OCIi4 Si - CHIII - Si - CA-, 3

o 0 0 0
Highe i
l-igheist yield
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CG1- - Si. + .Si - cl 3 -. --- C-1 3 - Si - Si - C13
I I I

C3 0 0 0
I i

Intenrmediate yield

0 0 0 0

CH 3 - Si - GHM + CHz - Si - CH 3------ CH 3 - Si - CH 2 - C- 2 - Si - CH3
I I

0 0 0 0
I I

Negligible yield

It is the feeling of Warrick and others that extensive crocslinking can be reduced
by the addition of phenyl groups. The postulate is that a high level of phenyl linking to
silicon acts to absorb radiation through the resonant structure of the benzene ring.

lI (.rder to check on ilio crosslInking phenomenon, War.ricR(146) noted the effects of
radiation from four different sourceo: the cyclotron at the University of Pittsburgh,
cobalt-60 at Stanford Research Institute, the Van do Graaff generator at High Voltage
Engineering Corporation, Boston, atnd an X-ray generator at Mellon Institute. Attempts
were made to use the sarvie equivalence of energy, regardless of source. Mlowev~r this
was not possible in all cases. Two points were demonstrated; (1) the effects of eaconid-
ary radiation ont a number of vilicont, rubbers showed the phenomenon to be similar to
aging at high temperaturi and (Z) the nature of the proceas was shown to be one of
eroa .linking (iqilivalunt to a nurtnal vulcanization,

In stuidies of vulaiiizsation (crossIinking) by inoans of gamma rays, samples were
tested ýor strength propurtieo and for crouslinking, The toonilo st'engtlm. elongation,
compression met, and hardness of throe uaMIploU axe sunrMAriMe.d in Table 46, The
optimum cure appoured to bei suoivwhere above 4.2Z x 108 oigo g-l(C) (5 Mrep). Gum-
prenslon t et, inC this eaue tho peorcenitage of unrucovorud c'onprussion upon ruefase from
clarrips after I heNprs' expotsure att 150 '.;, w,.tx partiCUtlarly good at 1. 1 x 109 ergs g"I(C)
(Z5 Mrep), altholugh the saniple wis too highly itrusslinkcd fur anont purpuse4,

The amrount of rosslitnking which occurred in these sampJles is shown in Tabtre 47.
The level of linking waA calculated as follows:

Molot of' 1ink. pP t" "t
2 Mc

whurv h: /, density of filler poi yinur sy.-tYn and Mc. n- ,nulccular weight bet ween cress-
links. Warrick' 8 work shows that other furnia of radiation yield subotaitially the same

croslinking effect at about the same dose lcvels.

Cros liakmng of tihrse material,, by peroxidu cu ring agentas i'uqum res high tempera-

ture a and long coring ti-e s and in ay. lr.•.' ,ljin dcbsiratble reuidu.al products. It haka been
found, however, that the dilm C'thyl y ij icoM'.4 he cured rapidly at low tenipe'ratirur

by high-energy radiation withount the iii troductinin of any foreiyn materijal.



TABLE 46. EFFECT OF GAMMA RAADIAT•ON FPOM COBALT-60
ON THE. MECHANICAL. PROPERTIES OF SILICONE
RUBBER (142)

Tons~le
Dose Hardness, Strength, Elongation, Compression Set,

Hours Mrep g gr4(C) pore i.i ii_

50 25 2,z x 10 9  53 916 158 13

10 5 4.2 x 108 27 1180 '150 100

Z.5 1.25 .Ix 1 101 18 135 550 100

TAHLf.: 4 1. PA,'EG.;'I' OF' UAMM.A RADIATION 1ROM COJ3AL'T-60 IN
CROSSLINKINU I 14')

MM(-h•ul . wr Wight Swo1,twok/
Do~u ... .. ~ tdtlu• ..... . Cv-).Nfi}iks,_ Mc' .... . Mulu aof

m rep1 .... , O' '•i!.(_!_.!j t!,!.• .. •tý ..... hlA*0lP.. .,"hvitiig. . . .tw l~ g L.inka/CC• x 105

2.5 Z'I, x 109 1.1 I/A 3,300 J•3I0 4m,380 17,.

5 4,2 x t011i 8,b 6 l1 13.850 34,600 8,470 1.77

1. 1.1 x 10H 15.3 3.9 ý6,'WO 10 ,U000 19,300 0,50



The properties of 1 adiationa-' :uied SiliConeC u'Lbhbi WCV conipe ed with a peroide 11-
cured compound by Ossefort, Rock Island Arsenal Labo ratol'y( 147). Table 48 shows that

tensile values oni some of thc irradiated compounds exceeded values obtained on the
peroxide- cured control. Since both the peroxide- and irradiation-cured compounds have
such excellent low-temperature properties, no conclusions can be drawvn regarding these

except to E-ay that radiationi curing does not seriously irmpair these propertics. Oil re-
sistance is greatly improved in tbis -omnpound upnirradl-=itian. Work is currently under
way at the Arsenal Laboratory to verify this im~provemont in oil resistance.

Data for an electron-vulcanized sample arnd a normal peroxide-cured sample are
compared in Table 49.(146) The data alhow that, in a peroxide cure, corsalinkiug pre-
dom~inates. On the other hand, the radiation-cured sample is free of vulcanizting- agent
fraizrnents and shows no progresolve cure when aged ?4 houra at 250 C. I-owevcr, it
det:ý shOW somne chain, scissioil. Warrick states that, iAt high tompcraturcu, water and
carbon dioxide cause chain scission and thercfore their effect must bacome increasingly
important to be taken into con side ration,

War rick indicates that the data fur comnpression set show that radiation-cured
samples have improved properties at high temperaturn. He qttates that both crosslinking
and strov6 relaxationi contribute to what amonnts to j.k "remolding" at 150 C. Again, in
Table 50, a radiation- cured sample iri compurved. with a peroxide- cured sample of thle
same formulation.

Mobt croselinking or chain scist~ion is eliminated by radiation cure. But, the
slight offect whia-~h does occur may be the result of changes In polyrner-fil~ler interaction.
Table 51 illustratee tile fact that polymer- fill ar interactions at high temnpuratures are
important. The maniple contained 50 parts of Mlcrone:, beads. It isj possible that so-

actions occurring at tile surface of thu carboni-black particles are responsible for this
ini,~',rktd high- temporature cure. Liert fil~uru aru to bw ao sirod for high- tomperature
tlleu of tslliokone rubberu,

Hiarrington at Genural Electric studied thVi effec~t 01' .ilILV rLoading on1 radiat~io
still',illty( 100), In hi& toots he used Union Carbide Corporation's K- 1040 uorico and
Queleral Elect rci' u SFM' 300 serIes. '1h14 ChetniCal CU~ontjusL~il of theise rnate riuls was

not known, hut it iii known that thu iriaturialu in each seriou differ only ili the iiaruuat of
fil~er tirry crontain hr'hc towtir Uiv ci ~uorpotind nurnbe r the Iowas filler arid ;ruftorrer the
1:ezx1 i' ound vuontains. 'Table A-b~3 lidta the chtinge.ii ock-ur ring in thle two series of rnate-
rial iý with vary ing filler loading LAnd varying p0 eti icure. ligtlre ill thke table Indicatc
that thu ultimatc change inl all the prope rties of these nr.±triai u Is siuch that, given a
tsuffi(c lent amouunt of radiation uxputso re, cadi of tile pru'pcit~i~ou will aipoii'oach the sannie
valve~. For examplell, the actual values of hardness, tensile atrength, and clongation for
K.- 104611, K- 1047k, and K- 104811 are very simiilar .it an exipostki of 8. 7 x 109 ergs g-
(C) (I x 10~8 roerrtgenu3) c-vei though the original values differ significanitly. I-incrijilston
vorriniont s that this fac't also holds t rue for SE- 361, SE- 371I and SE- 38 1, 'Thi s work wasi
part f iIii ri y t igiiitfic:azt b)c~autse it showed that rvia te r i_ In cannot bi- irmproived to ally

grczlt extent S imply by Compounding to a. softer ma~te ria. 'phi p roceudre wwildI he
alvantageou s hioweve'r, in prepdr ing ( 01111iiiO i to bt;IeC ille .11 d)liL~t'1.001N rCqjuitril-g

a relativel y lo", _.Xpostlre'

Nvw eii at Conva ýir1 '10) has condiieted sc rý(!rinIg t~e trs on 2, a il iconer rubbri, ir-

riidiatcd at tlr c-c: temperatures alld four flux{es, h fllt ria~t nl ~ foiilul to bh: thc lil'st

radliation i'iiitant airc Siai~&7- 1701, SiE 381, Silaa-tics (2048 aimd 80o, anid GE'8(1



I .'. 6

00 *n u~' r' In In MOf `O

u ~1
0 ~ I O0c en 

4
L) 0

ccNol 0 0 '~L 'Qf4 O-

0NN

0 0N

uo In
44 u-O

o 0 L 0 -1 rn (,

Itc

C)~

II p4

pf1

f) 4  N

"J. 6R.'-

- co

Cl f-4 4 I n

LO C).. P6r-

0 14
a141

1AO bI)q C
L., c, u)

2! -4



I 27

TABLE 49. EFFECi OF AGING PEROXIDE-CURED AND
RADIATION-CURED RUBBERS (2-MEV
ELECTRONS)( 146)

Cure Propety As Cured Aged 24 Hr at 250 C

Radiation Tensile, pmi 876 672
Elongation, % 580 486
Shore 29 26

Pe roxide Tensile, psi 1088 1045
Elongation, % 587 309
Shore 41 55

TABLE 50. EFFECT OF RADIATION DOSE ON COMPRESSION
SET OF SILICONE RUBBERS (2-MEV ELECTRONS)(' 4 6)

Dose
""rop erg , -1 (C) Compression Set, 0

Peroxide cur' 100
S1. 7 x 108 100
6 5. I x 08 Z5

lU tt. 5 x i0la Z 6

z O 1,.7 x 109
40 3J 4 x 101

TABLE 51. EFFECT OF AGING KADIATION-CURED,CARBON-
BLACIK-FJLLED SILICONE RUBBERS (Z-.MEV
ELECTRONS) (146)

As; Culrcd Aged 24 HIr a~t Z50 C

Tensile, psi 787 542
Elonlig ion. 6 43S II
shorc L 79
C'.onmpres.simi ,Svt. 9,' -5
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Results are given ii Table 5Z. T' _!re was a definite correlation between Pile r cont :iit
and damage, the per cent damage varying inversely with per cent filter.

Another possible nmethod for improving the radiation resistance of silicone,, is by
the incorporation of antirads. Warrick( 1 4 8 ) states that siLicone elastomers .3how as

much resistance to radiation as does natura] rubber containing no antirads. The obvious

step of inmproving standard formulations of silicone rubbers by using antirads is not pos-
sible, however, because peroxides and benzuyl and its derivatives, do not vulcanize

dimethyl polysiloxanes in the presence of many antirads.

Two curing systeins per;ii:tlng the use of anmirads have been used by Dow Corning
Corporation, One cf these is a sulfur cure similar to that used with natural rubber.
The other and more practical curing system is based on dimathyl polysiloxanes con-
tainiAg less than 0. 5 mole per cent methylvinyl viloxane unitq cured with di-t-butyl
peroxide. Antirads may be incorporated into this systeia by slightly raising the amount
of peroxldc, curing agent. Recently, they have developed new polysiloxane polymers and
special formulations which are 25 tinies more radiation resistant. at high ternperaturds
than polydimethyl siloxane systelns( 1 4 4 ). New fillers indicate increased radiation re-

sistance of 200 per cent in the ZOO C evaluations, and the use of antir-cl additives gives
200 to 400 per cent more radiatioit resistance. Maxirnum limits ei radiation res'stance

in this new family of polymers are now being studied.

Fluorosilicone elasviornieos, such as Sil•stic LS-53, on irradiation liberate a

corrosive gas (HF) which causes corrosion of metals,

It was found by FaLnman(1 0 3 ) that the only reliable neal material in a radiation on-

virunment of 3 x 108 urge g- I (C) in contact with oil at 450 F was a silionn gaultnt,
The comrnercitlly available gasket used was Silastic 50-?4-480. It retained its phyical
propertis to 109) ergo j-I (C) at ruoin temperature. It w;lm ,itilized In a WADC deposi-
tion tester fur a total of 40 tu 50 Iu.ut,', whore it was expouur to temcinraturus of 450 F

and •xpuosure duses of 1, 2 x 109 ergo g- (C).

The diolectrlc prop|rtoii of sillhconumii a ii tittle affectnd unless absorbed duies
umcklud Z x 101O to 5 x 1010 ,,eafl 9' 1. (49)

Dectause of the many dosirabl, pjupurtliti, pArtiC.1t1arly htaL and radiatiot jiuL,

anco, silitone rubber is bria, npeatified for control and power cableu used with atornic
equipnlemat.

Cyanosilicone ElIutuastmers

The cyariosilicone elastorners are a new fanmily of conpounds fornmed by copoly-
re-rizing gamma-cyanopropylnetLbyl slioxarie with dirncthyl siorla),e and a sinall but
significant amount of vinylniethyl siloxane. (149) The addition of the vinyl groups gave
physi:,al propertiest similar to thULOc of dinlethyt oilicone gumnsitocks. The presence uf
the cyinopropyl group improved the resistance of these e].astoimeru to low temperatures
and the .tfeccis ef radiation and lowered the oxygen permeability. ''hr. radiation re-
sistanetm of thut ,y.nosilitconC cl2astomne-rs, as cornlared with that of diniethyl silicone, is
shown in T'able 53.
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"TABLE 352. RADWATION RESISTANCE OF SOME SILICONE GOMPOSITIONNS
1 4 0 )

Damage at t100 Ergs G-
1 (C).

per cenlt ch~sifl
MalcrCal class Manufacturer Elongation T'ensile Teat Hardness

SlkistIc 1-170 l~ow compression stouk Dow Corning -40 .'-8 -20 +38
Dimcthyl
'4/480 post cure
Gum, 52,15%
SiLca. 48.0%

SE-i81 Low compreusion General Electric -20 0 -d:i +14
Methyl viny)l
24/480 post cure

SE 30 gumo, 43%
Stilies, 5"/'

Sita44ke 7.048 General pupose [low Comn ,, 47 .40 via
Uln)ethyl ad phenyl methyl
24/480 post cuwe
Gum, 03, 6q
Slitca, 33.60%

tl1&sslc Ol0 Ijl,.cthyIl Ww Cul'iihig -70 .4 -75 +!2
24/48U post cure
401 Gui, 100. l%

1ilica, 32. 1•%

81641 Low conipiessioii Ualeral Electric -NO .0 -410 +15
(SE 492) %Ittlhyl vinyl

24/480 po{t cure
SE 13 Humt, 09'*
6ilica, 419b

Y-1031 LoW tuipi-aitwure stIyi .me(thy U(A) . 1 8(m) Iq.l(A)
plihcily] 10% f1li(liyl

24/480 pot citre

Sil, 0d, 3j31

US 5:1 FliJ..rlnated silicone -76 -016-7() +:0u

24/000 post cure
(juill, 70. Wk
Silica, 22.ý3o/

(a) Oiradiated only to 6 s !01 ergs g- I (C).
(c) 'o't; a iItIt hardens
(i') 3otirC;il aridl ihol liardenls.
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TABLE 53. RADIATION RESISTANCE OF CYANOSILIGONE, ELASTOIvIERS

Change in Physical Properties During Exposure to 1 x I09 ErgsG-

Cyanopropyl Dimethyl
Silicone Silicone

Durornater Change, units 0 +30
Tensile Change, % -15 - 5
Elongatioa Change, % -24 -85

Fluorocarbon Rubbers

The fluorocarbon rubbers, in general, do not have tha radiation stability desired
for nuclear applications. However, Laeause of their chemical and heat resistance,
efforto are being made to either improve their radiation resistance or to determine how
they might be used, A summary report on fluorocarbons was publishad by t',e REIG
during 1959. (150)

Viton A, a copolymer of hexaftuoropropy.ono and vinylidene fluorido, has become
one of the most important elastomners for appl3cations requiring resiitance to diem ter
fluids ana to high temporaturus. Harrington(1, 7 ), studying the effect of filler on this
material, incurpor.ated 20, 40, and 60 parts of carbon black into Viton A compounds, but
found to ibnpr-ovenont in radiatin stability, Original tensile- strvngth values varied with
Lhe amount of carbon black. After an expowuro dose of B. 7 x 109 ergo gV- (C), the final
tonsile strength values correlated niture with the original valuus than with differenctio in
radiation sta6bility. DAta are given In Tablos A-84 and A-83.

TI, ueffect of five antirads with Viton A was uxamined, ý5 1) The avitlrado used were
Akroflex (G (35 ptir vent N-N'-diphonyl-p-phonylone diamltiu plus 65 per Cunt phenyl-
alpha- taphthylarxinei, naphthy Lnmizino, znaphthol, FLX (N- pheniy- NI- o- Utolylethylhee
diamins), and ant.hruaqutbono, No ilTiprovenont iti radiation stability was notud,

Radiation-induced cuoinpresaion set was doteratninod for roons tempiratuvr,- inn aAr
and in alkyl dtiphunyl ether (C 14-C 16)(51) LiAttle diflerence was observed du tLu thie
type vf otviroa-imenet. 'ihu average ,:Aorrt, ssiun s, itt wa. 95 IW 99 per cent,

The efifcts of temperature and radiation wero investigated at Convair. (17) Viton A

was irradiated to a totW exposure dose of 1. 74 x 109 ergs g- I (C) at 0, 73, and 350 V,
An appreciable decrease in tunsibu &truixgth occurrrod when the apocinicit were irradi-
ated and tested at 350 F. This decrease did not occur when the specinieno were irradi-
ated and tested at 0 and 73 1'. This io in agaet-nent with work done at General
ElecrLrc, 1 " 1) which showed that Viton A possessed very poor stability when irradiated in

,•r at temperatures higher than about 250 F. At 350 F, the elongittiunu of the irradiated
and control specimcns were approximately the same. At 0 and 73 F, there was at de-
crcase in the elongation of t,, irradiated apecim•nii., This decr.a te was mnore d(cfinite
at 73 Y thai, at 0 F.



V iton A does not (leg radc'- as~ rapidly %vhev nmuonrsed in arg,.on or jvt turbinec Oil at
,100 F as Ahen. ir'radiatedc in air. (I~Table 541 ahow:n t he change in tensilo. strength,
elongation, a~nd hardness for Viton A irradiate-d in air, atgon, and a jet, turbine oil.
No reason for, thisB retardation has been advanced at the present time. It would appear,
hIowever, that Viton A might be used for seals or gaskets in a radiation environnment
when immersed in oil.

tI'ABIIK PROPERt IY C:! I N VI I~ ON' 0'1It AO~ I IR A 1.\1-:1 I-N .1, .'It(. CN, AND)
JE PI I INV 011. A]' 4110 V BY 1AIII \I. 1t -6011`-

Ai L7o i 3( . tI~I 04- .19Z 6b,.z

hill I.-1.Uttttt OlI 4.4 1 08 1020 M 1 64.4
M11-1.-7808 Oil 1.? 10 14.1 11 64.8

A maodification of Vitori A, known an Viton B or LD- 234, has been foun.d to have
improved resistance to red fuming nitric acid and to radiation, (154) Viton A, Viton A-
HV, and Viton B (LD-234) were irradiated in bi-pnoy hnl tm at 400 F to' an ex-
posure dose of 10 10 ergs S- (C), Viven 1.1 was about twicL, Las radiation rosistatitt as the
other two types, Tensile strength docreased only fromn approximately 2600 to 2400 psi
while elongation decrea sed by approXiML1tely 50 per cent. Two Viton B sealant forM~i-
latitons (l55) were exposed to lreargs &-I (C). Theso allowed ani increase in tensile
strength, but elongation docreaisud considerably. Data. are givurl in tho section on
tiaLlants. 0- ý-illua hnive boon Incurpurated uti L'wpourints in hydraulic systems, but irra-
diation data are unot yet available.

Kal-F allows thei poorest utability to radiatiun. It re.auhsu threshold dama~ge ct
loan than 3 x 108 ergs g- (C) und in damaged by 25 peer cunt at approximately
6 x 18ergo jj (C). It becomies soft and tacky at tho A'uve doulen(1 0 0 ) llowevitr, it
halt buuii nioted that Kol-F clustaonjr is stable in siliCLAt Cltstoýr fluids at room tempera-
tur-o to I x 1010 orgs U- (C). Thin suggtesto that stability deputidn on operatioa miedia,
and stability in air cannot be rogthidu4d as tin fialdicatini (If its capabl~ity under actual
opel t. ~itonl.

Inforruntlon by Wall, ot at. '(154), nhows that KatlIr Eltastorrer 3700 crosslinko
rapidly at exposure dose. below I x 109 ergo g- (C); ixt 1.,4 x 109 ei gs (C) degrada-
tion1 begins to domninate.

Table 55 shows data for a variety of Viton. A and Ret-F 5500 ttones (114)

Rewil1ts for a fluoruhtity! acrylate elastornor ( 7 ) are Hhown in Table 56. For thiis
elastutnier, the tensile iutresigth increases by about 40 per cent, hardness increwses by
about ?-0 per cent, and elongation decreaseri by greatcr than 70 per cent at an absorbed
dose of 1. 1 x 10 10 urgti g-1 .

Vitoti A anid Pol y FBA (1 F4) appear to be about eqtual in the~irz reisi stali v to radia-
tiottn and are fim itar in this re epect to many of the silicone rubhbe rs. (100 F 11 A
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TABIJ• 55. FipEcT OP RADIATION ON I'PIYSLCAL PROPERT'rS OP VI'ON A AND

KEL-r ELASTOMERSU(11"1)

Dose Inlitlal Pmperlies and Per Cent Change
erga roentgen Hardnem. Elongatloa, Tensile Strength,

MateiaL+ g' (C) x 10 "1 Shore A A1/, 1116 A 5 I APal Rmlarks

Vitun A- 1 0 0 88 260 2270 Gray-brown
B.7 x 109  100 12o6 -94,0 8.8 (a)

Vitun A-8 0 0 79 180 2285 TAi
8.7 x 109 100 22.8 -88.9 -1.0 (A)

Vltuu A-9 0 0 78 185 1810 Tan
8.7 x 109 100 24.4 -84.7 46.3 (a)

Viton A-10 0 0 '/7 140 12765 Brown
8.7 x 109 00 t23.4 -85,7 12.4 (a)

Viton A- I1 0 0 19 12, 2095 Dark gray
1. ? x 100 tOI) 24. 1 -00.3 27.9 (a)

Pf 1710-X0O 0 v 74 180 ;012. Black
R. 7 1 100 2',0 -x IOU! 08.5 (a. b)

K6I-11 5500 0 0 02 600 1810 Gray
8. 1 x 10)1 1 o. 9.1 44,.2

4.4 x (100 r, 0.0 -8.2 19.6

1.9 x 1(09! 28 3.2 -41.8 -2•.8 (h)
4.8 x 109 fib 10.t -73.0 -.24. (t)
8, x 109 100 o',5.8 -80.0 -13.2 (1)

(a) hiirka whea moiii 1802 dogreir.
(h) 'mgmij42 lucky.

(c:) Wlomy utol urfacL, quito ianky.

'I AiLL t1|1. 111Ei( ,0I' RADIflAT'ION ON PIll YhIL ANl NIl C'TIUAL 1(0A'UIT,.'1, 01)
I'LUOHOUUUI'YL ACIYLA''. IHUM OI(i4l)

l'ehmrial nctIIufii [(lv,,) I None 1,.2:1 x 101H 0.44 x .01fi ). 7'3 x 1018 h. I x 10121
Ergs t,' 1401Lc 0 rIx 1 1 I. I x 1010 4.,J x 1010 vI, x I If0

IXv1ieily. g/tc"1:1 1, 413617 , 6 4 II 2 * 0120 l. .14('1 1. 0o1 1

Weghtl Low, 0/6, 11 IlItlia -- Iu ri O. 0:1 2, . 4.4

Volull•e RttsIsitivily, uhl-,i 1x Wi0t x lo'i I x tO4 800 ,50

'lle Situn~tI, pIi 1070 1 75 0140 ' l/b 0O 40 50() 71r, 700 1 160

Elnmlgiutti, 174 at break 127 46 8 0

iclicc'trl c strri'l),,tl, v 'I' ll (f t o 0

fl|£rt'incs, S5 .S i1rc A 41 84 06 0. 100,



iea ched thre shold cdaiagL at approximately 5 x 108 er.gs g- (G) and Z5 per cent daniage
at 109 ergs g- (C). Viton A reacliod threshold damiage at 5 x 10o8 orgs g- (C) amnd
25 per cent daminage at 6 x 10 ergys g- 1 (C). H-arrington states that, for dynamic appli.-
cations, these mraterials should not be to doses of greater than I x 1010) ergs

9 CC), but they probably could be exp.- ,,ed %o higher doses for static aJpllicatiuns.

No~ne uf the fluoroelastomrerm gave ovidcnce of radiation-induced stress
c racking. (100)

Two fluorinated polyester e1 i Atonier, lIA- I and 1-IA- 2, m-anufactured by Hooker
Chemical Commpany have been recommended as temperature- and chemical.. resistant
mnaterials. FIA- 1 is based on an adipate polyeste"r and NA-2 is based on anm adipate-
isophthialate polyestcr. Both clastomers, containing 50 parts of carbon black, were
irr. diated to an exposure doso of 4. 3 x 1010 ergs g- I (C). Changes in stress- strain
propertiua --re given in Table A-B4( 1 ?7 ), Recipc.a are shown in Table A-85.

It can be seen that hardness increased while 'both elongation and tensile strength
decreased as time radiation dose was increased. Tensile strength of the l-A-Z material
decreahoid less than that of the 1-IA- I material. However, on the basis (A flexibility after

the 4. 3 x 10 10 ergs &g I C) exposure, the H-A- (ma urial appeared to be in slightly
bettor condition. H~arr'ington found these mnatemrials to be superior to the other fluorine-
containing la sturems li e examined.

Ethylone-Propvlenu Rubber

One of thle rmmore vocent rubbers which is being produced on a koexirica
basis ill Euruope im the t-thyluile- propylenec cuojmlymo r miarketad by MoAit~ocutini Inl Italy,
Carbon-black (50 purtu)-reinforced vulclutizates havo tensilie atrengUthM of 3, .500 to
4, 000 pai, oloutgatouns of 4Si0 tu 500 perV cent, RAWm high ImIOdUi, 1, ?UO to 1, 700 poi. It
im it hjt,ýAito~ rulbber und, mitklliar to Ijypidimuj (chlmioroulfonatud polyathylene), has oxcul-
lunt outdoor-Itaiug, cnvllgh?, lwu~i, acid, aid, alkali ruoadstanmcu. It has poor flarne
rosiotance andl, altheuug reiistitancu to hydrwulc fLuida, it huAb poojr me sitaitucu tu allphat i.

and A rOtatiL hydrocarbons Lind to chlorumulvaumt'. Theru arty no datu in the RhEIC files oit
theI riidiathiol rebiiitallco oif niama a ntateials, Wit, oin Owm buais of the weirk of Orace
and LO- w(rlet3S( (13-5). it If rIot OXIxpeetec that Uthyteilv-'propyleneI rubb~er would have good
radiation re sitilau sice (ard p-tipuimred exprinotlietal etmyltnne- propylona putyrno rn and
foulnd thety amiftvmieud Will hIn' :adiitioll, as doe.s polyp ropyie'ne. Ls'mm ge U ill tell lie st rengthi
and olungation wer euu e rte. lThe per cenit Nut afterc il-l . ditimii wa o also eulat~ vuly high.,

PoI yroilfidem Rimtbiptr (Thilokol)

'11h1ukot claston~ieria have iýxctptiunally good retmistanice to inammy typc's of solvents.
TIhe sertvice temperadture ranige is -6(,1 to 300 F, dtipending onl the' compounding, eure,

andinc. OnlIy Th iukol ST and k'A )nmv be en uxaminud for raI Lioni rc o istance. Thiokol.
ST is ;Lnnon~g tilt! p's'rest of the eta stoniri s withi r~e spmct to x-acl tion resjistant e, ( 1 3) A
dose of 10 8 e rgs g- (C) or slightly higher isi suffic ierit to d~man'a(c thiti mater ial seriously.
,Ilihiokl S'1 c-v eituially~ ber ormeie fluid its Juuu Biutyl ritibbe i. I ow ever, to soften Thiokol
requires 20 tinie s the expo sure nleedled to 8oftenl Bultyl rubllie r. ( 76) Al though radiation
causes tho tens1.ile hi-.1 egth to inlc rea e in1itially, long C xpI()al re( Ct1iiiSe thle Jt rcngth to be
decrea sed.

Aithongtli tenlsile! Str-cmmgtl doec mecase!:, it r-etainls it!; elonigaItion to a gfreater extent
thal 11"L latoi-l's (11 After ;mn cxposnm;%it- dti,;c of 1. 1 YO e0M rgv g-- (G), Thiokol



ST d~ecreased in elongation from an original value (A ?,10 per cent to I00 per" cent.
Thiokol FA dropped froti 6?.0 per cent elongation to 200 per cent at the raine dubst.'
These final values were better than were ohserved for nitrile (Ilycar 100Z), Neipreue

GN, polyacrylic rubber (Ilycar PA-21), and Butyi rubber. SB3R rubber retainea or.iy a
slightly greater elongatiou (10O per cent) than Thiokol ST at 1. 31 x 100 ergs g" I (C),
but less than Thiokol FA. With antirads such ;,s alpha naphthylamine of YLX (N-phenyl-.
N'-o-tolylethylene diarnine) for Thiokol ST or beta naphthol for Thiokol FtP, ultimate
elongation after 1, 31 x 1010 ergs g- (C) exposure dose is in the range of ?.60 to Z80 per
cent. Thun for applications where flexibility is required without any great strenth,
Thiolkol materials can be used. Stress-strain properties of Thiokol ST and Thiokol FA
are given in Table 57.

Hardness does not 'hange -'gnificantly up to 2.6 x 1010 ergs g" 1 (C). AI t
4.4 xi0 1 0 ergs g- I (C), a Thiokol material became so badly damaged that hardness

could not be measured. (114) At this txpnsure dose, both elongation and tensil; strength
were reduced to 1,ero. The trend suggests that the material under ges chain cleavage.

No stress cracking was observed at any of the exposures.

,rAB..E; 57. EFFECT OF RADIATION ON THE PHYSICAL PROPERTrIES
Or TH1OKQL R1I53E'! I."')

_Dose, 109 rgsJl.e.)
Rubber Antirad Physical Proplrties 0 4.4 8.7 13.1

Thiokcl ST None Tenaile Strangth. pnl 990 790 686 590
Ultirtuatt Elongation, per cent Z10 130 110 100
100 Per Cent Modulus, pat 410 5SO 530 520
Shore Alurormeter tLardnusy 71 7U 72 69

FLX Tensile Slreaa1gth, pal lOHU 'Y U 550 10
Ultimate .Ilotigation, par cont 320 31U 300 480
100 Poe Cent Modulus, p0 280 190 Iz0 120
Share A Duromator l-ardnavu (r; 57 S0 )

Thiokol FA No no T onsllu Stvtkigth, 3n10 990 990 730 610
UIltiUaot Elongittl'.ni, pu 1' Ltout 61 , 'lzo 430 ZOO
IUD Iju-r Cknt Modulus, psi 190 260 .140 25t
Shoru A M)irometur Ilardaicsa 60J 65 64 61

Deta- 'Tensile Stren11th, psi 580 410 120 150
na1 ltho! Ultlmate Elongation, par cent 430 360 Z40 Z60

100 Per Cent Modulus. pai 100 90 1?0 150
Shure A 1)urometor Hardness 48 45 40 38

Comprecsion sCt it; gre'aly inc'reaswd with Thiokol is compressed during irradia-
oun. Thiokol ST has a compression-set value of 107. 6 after an exposure dust; of

'ý. 23 x 109 ergs gu I (G), while a dose of 1. 2 x 108 ergs g- I (C) is required for a 50 per
cent cotupression11 set.

Thioko. rubber.s are used exensively as sealants. Tests results for Tlhiokol

sealants were discussed in the section on effects iof radiation on cornponents.
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Butyl Rubber

Butyl r'ibbe-, a copolyiner of isobutylene and isopk'ene (0. 5 to 4. 5 per cent), has
good oxidation reuittance and low permeability to air and many other gases. However,
it has probably the ieast radiation stability of any of the common synthetic rubbers.
This is due priniarily to the fact thaz Butyl rubber undergoes very rapid chain cleavage

when irradiated. It contains a quaternary carbon which has been shown to have poor
radiation stability.

Butyl and ita modifications, such as brominated butyl, are affected similarly with
radiation. Tensile strength and hardness of these polymers decrease with increasing

radiation exposures. Twenty-five per cent damage is reached for hardness at an ab-
sorbed dopes of approximately 5 x 109 erg g" 1, and for tensile strength and elongation at
about 109 ergs g- 1. At exposure doses above 5 x 10 9 ergs g-I (C), Butyl rubbers be-

come o,-¢t, finally becoming similar to a grease in consistency.

There 1: no evidence of stress cracking. (69, 114) In general, Butyl rubbers appear
suitable for use in radiation fields only for applications which Involve relatively low
radiation., extposure doses.

EFF',•CT OF RADIATION ON SP.ECIFIC PMYSICAL

PIROPER-TIES OF 1ELArTOMURS

ThI. section compares the radiation resistance of the vwricum elast.zmers accord-
ýng to physical pruperties. The data are prosentod in Vigure' C- I tu C-8 in Appoindis. C.

"T'ensile StrinUth

Styrunu-but.,A;W1,, (GR-4j, natural, andl niitil, rubburu aru the bout. •latumuru lor
retentionl of tenvile Ai•'t.rngth un irv-adiatton, Tenoile otrenwth of theme rubbers changes.
by 25 por coint only alter dosagis of 1010 to 1011 ergo gI (C), I3upp and Hiosrnoa found
SBR (c;R-S) tu hr• tho suporlor rubber.

l.'oiyacrytiv, nreolpronf, antd Thiokul rubbers have ap 1 )roximatelmy qjual radiation

stability, These threu rubbers are darnaged by Z5 pet cont at approximnately

"7 x I0'/ urgs g0 1 (C),

Mout silicono rubberu are affouted by radiation at about lO ex;rgs g- (C); however,
for son-ke tili,,ouncs the ten ,ilc atrengtlh doesi not change by 25 per cunt up to approxi-

mia.ely 5 x 109 ergw g- (C).

13utyl rubber is the pooretat of the cominmul y utbd ulautorners witli rempect to
retoinlion uf tenmhle strength. It is dasia ged by 25 per cent at Z. :J x 109 (rgu g" (C).

"T1o tuneil: 4trength values at 25 and 50 ). r cent daimage fto:. compounded rubbers
pre,.prod b'. 'l'mhe 1. F. Goodrich Couzpany(132) and to•sted ifter irradiation appuiar to 'ou
lower tha1 a thout rop'.'rted by l3opp ai)d Sisnwcn for thum ,a;iie type s of rt},bers.
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However, the GoodriL h recipes we-re- di:'ffcjeret fromi those (if JI(opp nod Sisizian. The rub-
bers used for the iBopp and Sisrnaij UtUclies colitained from 40 to 75 parts by weight of
cc rbci la, while those used for the Gaoodrich 9tudies contained 20 to 50 parts by
weight of carbon black. Also a cobalt- 60 sourceu was used by Goodrich instead of a re-
actor as was used by Bopp and Sienian. The relative order ol stability with respect to
tensile streungth was lounid to be differierit for tlie elastuisie~z-. by the tw~o rttudies, although
natural rubber and SBR (GR-S) were the best in both tests. Nitrile rubber ap.peared to
have bettoc. ý-adiation resistance in the lBopp and Sisrnsn studies than in the Goodrich
studies.

The Goodrich studies were not extended over as wide a range ofi radiation closes as
the Bopp and Slen-an and, as 6-. result, thretnhold doses could not be detee'mixied. The
doses which gave 25 per cent and 50 per cent damagid are shown in Figure C-2 in
Appendix C.

Elongation

In genez at, o.lorgation of elaotoniera is [he property most readily affected by ra-
diation. Natural rubber shows tho greateat stability with rospriit tot elongation. This
proporty iu unauffoctoil by radiatiion tip to a doat. of 7. 5 x 108 ergs g- (u), nnd is damn-
aiged by 25 per ueitm~t at dona of 1) x 10~ 9 rgm g" (U). Styrene-butaditni" rubbcer (GH-S)
is not so resiistant to radiation as natural rubbor, but ibi affected by doses of ! x 108 vrgu
9- (G) and is damaavid by zV per cent at 1. 3 x 109 orga g- (C), B'iityl rikihiti'c showed
unuuawlly good stubility with respect. to cloixgatim~i. This would nut bet .ixpolti Hd im.( it
1W g(Inviraily rega rdod its havliig Pjo r radiation titabi ity. 0I 1&) puiymulfido i tbhu e is tilt?
01OlW stnie ' iihOW log 1114 poore-st s t~bility to raldiationl.

,Ioziqatimlt Was duturmlzied by Goodrich ( 1 "0 for' cotmiouzadod rubbersi A l'tv teut
"ti11 jilel " Wor itiV1.14 iattu.id 'l1'11 Values tibtakiled wilre in fairly V.Uod agreetillui1tt with tho

r ii uits rupo'rtod by JBupp mitt Sis1ita it. 'lb sti v-ull S xe givin Iii lFigure in U:-J and C2-4

Inx Appendix C.

.Cviiprmi nsiui Soti

RULLIV4u4 aivStu 4!V per cei-it (:(Jn~pI'e siti is po r er for ir ridiated rubberil thai to r
un~i arradlat tid materijal s; B~uty wad 'Thiokol sihow the le-ast ruttciwry, though all the clta -
tliu icr ik are affoc ted. TIhiokol arid Buittyl eufttot when i rraudiated, 111d cons eq:ruetitly lotie
must of their eta stic properties. Natural rubber and N-yt: ar PA show the luaitut uhimge! in
c ompre ss ion act. Although thet -ot wpro ssinn mut of dit icoaxe. rubber deteriorates in itiý.tlly,
it improver, over Iotitper irradiation pe r iod. 0I 1Z) Data for t onpreission let a .!giVot, ill
Figuie C-5; iii Appendix C.

Ill at second test fo~r det i-rn ii iing Ole conmprussi soI set of c-last oflek; fii, thet ni.
mulls wc:e. tat icjued during ii radiation.l (76) 'Ietist -wliimut ldo t. tontInt 11 U o
rather thin midier L)jitajoit load(. Thu retullts arp given ilk1111 fh'.8' It will )),.: noted
that I lyca 1 OR.- I L ( I OD1) iS (!tjutll to 11MUtral rubboýr ini thi s i ist, 'I!thouigh alt1 thk! Cla iito-
meqs had u-Ictcriortited m',1usdC1'dbly after puui to 6.4A x 109 ergs g- (c) In, thef ORIN
34 itPh itc eat itoll.
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TABLE 58. REGOVERY OF ELASTOMERSS COMPRESSED Z5 PER CENT DURING
IRRADIAI'ION (COMPRESSION-SET TEST B)(74)

Recovery, per cent

In Jig 190 hr In Jig 840 hr

Sr ra dji~tteto_ Ir cad iated(ý:Jto
1.4x 10 9  6.4x 109

Elastorner Unirradiated Ergs G-1 (C)%h) Unirradiated E r g. G-I (C)(b)

Natural rubber 93 52 90 25
Gil-S 50 9( 53 88 2z
Butyl rubber

GR-I 91 23 88 Tarry fluid
Neoprene W 6?. 20 42 12
Hycar OR-15 92 6Z 90 24
Hycar PA-ZI 92 58 91 14
Silastic 7-170 97 27 95 0
Thioko) ST 90 2 8z 0

(1) 7. lit h il IIao.
(h) (.AlIIIlIIINL

(c) 1i0 hr in reactim.

Strain at 400- Pei Load

Stream-etrain curvem were recorded by B3opp and Simnlan(7 6 ) for the varilum ealit, t-
ni'tr befour, akukd after irradiutituo. From theme datit, the elongatiun at 400 pi was

dettrrniined for the unirradiated matarc.al and for tam imiaturial after i1: had beeiL uubjected
to various radiation domes. A BUIldwin Soith'wArk UnlvemraI tiuting muchind was used
with a Baldwin extonhorneter and Scott gripm, F'ur ealtuluuers wl-.ich would otrotth at
loaut 3 per cent, the speed of toathng wam 10 inchou pur ,minuto. For iamterilm alm-
brittled by irradiation uo that elungrmtton was less than 3 per cent, the speleod of tuotlng
wasn reduced In order to prevent failure by impact at tho utert of ati-vouing. This spewed
vahie wns vint given,

The data indic.ating the effect of radiation on the -tiffnium of vlastomer- 8lhw
natural rubber to have the greatest rcsimtance to radiation with respect to strain at 400-
pii load. This property has decreasiud by 1!5 per cunt at a dosage of about 9 x 10 9 orgs
g9- (C), Tbhiukl ruobcr, which softeun upon irradiation, alao retaintu better thAn 75 per
cent of itfi original value to about 8. 5 x 109 ergea g- I (C), but the hulngatioz irncreases -;o
rapidly that it chlimngui 50 per cent by the theie the dute has increi•jmd tu 1010 ergo gl
(C). There i a tot imuch differenct!e armnonig the ether elastomert3. Silicone rubber Atnd

GR-.S are probably the poorest n-iaterials with respect to their rebuitance to radiation as
it affects straini at 400-p4i strews.



Set at 1reak

Neo prone W, naLurat rubber.. and SB3R (GR- S) show the best re sistanceo to radia -
tion with respe(-ct to set at break, in the urde~r given,'.-There is not a great dual of dif-

ferenic- in tho radiation Stalbility in regard to set at break among the variouts rubber
liate r al s.

H-ardne ss

The moot rapid changee. -,n hardneen upon irradiation are observed in H-ycar OR-
15, Dutyl, neoprene, an~d Sil~artic rubbers. Thiuh-oA changes at a Slow rate, probably at)
a recult of a balancinig effect of croaslinking and ceayarge. P1 17,) SBR (GR-S) also
changes slowly in hardness when irradiated. Although neoprene changet rapi,3ty, it ic.
not affected by radiation until it has received a doi'es of abuui 4 x 109 ergtl g- I (C), which
is better than the other elawtornors. Accurdhig to the tiame data, Butyl rubber id not
affected until exposed to a dosage of Z x 109 crgv g- (C). This rubber, onico it begIns
to soften, does so rapidly.

There has bou ta a ic.k of dynutinic tt-sting of eliostoki-arm. Such tewts are extremoly
il[)urtallt fur dtite rnining the prupo r m~ate rials fur varioust ipplicatlozlN in LL radia~tionl

en'~lZ'nnlltud vmore ildid9enat lui oni 11117 offeit (if radintiun undcl dywiui.iii Judai IM~
noteded, Thu 1B. r. Gooidrich Cism'pioiy 11,'a N made isuvtu dy.Ami&1Le tu it on rubber inato-

via i , Fli'ou U f U1he10 tledt" huvi be eni cuinpleted and ure vdiportuod hi Lhi lituxiau c (I (i))
TheCU soInclude (1) Y41r?.loy rold iohnre, whaiish 01 clobaly relinted Lu h1yu11t1ei I'ei ( 1) atO i
viuii lovos, (3) Iperiamiaunt tI et, antd (4) (bohmaii free '1.4 poiitt. Tlho rvuti4 itso thquic I e s
givoki III the follow16 bugec titi. 11, laavo e 1uei Lak'uau frumu (lie Goodrichb raport, 0I16

A~ll the riibbe t c omiouud s ocxariiloud, uxceopt Noop.e'ne O~N, rhow ,d ait iniprove-
nics~it in run ilitincu ej Ir radiation, Thu change wan asnall for gui ii ý-Luck Wnd Ciarbon
black-ricinfo reed sto~cks of ado i'ral rtibbe r and Neop~renu ON. Nat ivaI- rubber compjound o
Pshowed it ? per I entL inc: jenste, Nop;runu UN corninflf2Ulds tihowC(I a I to /. per cent de*.
c ri'a s. Both hiBR and I ly a r I (OO gunrz rubber anad car bon blu ck- reirtfo ced rubber cowl,-

puonnds tihowecl ma rked inc reator, i ic veil icoti owi th iruradiation. The increaises Hwo'r '

54 pIer cent for SJAR gain stock, 18 per coat for SUR la Ick stick , Z5 per* cent for [[ycar
100)2 (. '*a nitr le rubber gumi a t'i:k),) and I per cent for U yviir I OOZ black 8tock.
Tablc -' ) tintl thu pur ctin lgo chalm~gc' ill VrlUyip'ilic for thec n rubber Utuc k e
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TAD .l 59. CHA INGEL" IN YE1R /1 FY R?,F:lAN WITH GA MMA [RR{ AV1ATIOcN (Ii

Toital garyttna- riy expusurý-. - 1010 urgs g- (C).

Initial 'Final

Value , Value, Pecr Cent of C han1g C,
Rubbe r pe~r cc-nt per Cent jilitial pcr t~vi

Natiural rkibber (gtiAnx 93. 8 95.5 101.9 + 0.8 + 1. 9
stock)

CR..S 58. 3 88.4 151. 7 ± 2. 3 1-51. 7

Neoprene GN 85). 4 8 3. 2(a97,(5) * ,(a)

FHyear 100a 70. 8 SA.2 144.7 * 1. 8 +24,.7

NMttural rulibr 74. 6 76. 0 101. 9 * 1. 1) +L, 9
+ carbon black

GR-S + carbon black 55. 5, 76, 5 137. 8 + 0, 5 4+37, 8

Neopr'onaG(N 71,.5 70.6 (bj 9 B. 8 *o. ab) - . (b)
+ c~irbuii bluck

Ilycar 100, li). 1c Ih 1i 3, 4 !k 1, 4(1f) +Z3,. (

(A) Ti,1 adIA (u mJ41m fmimtilpe W4 1( C I gI rs

(h) w~ I iaa Bd litimit ' pixj(irml w .. 6I 1 10) e g#
(c) Tilm IA IrdLalol oxim cx ii WIi ll' W A 10 C ~IA 9 (C).

Arn ion 1,'fi q

SUR (URt-S) aind ravillo rtdibbor c~arbon tJ ck luadncl muiIrki fivix'r(ve~d lit iwdramvil
rovintaricc on 1~al~t. Natural rubber-carburi bla.k #.Lnct-k rauxiiinud utab~to up to
5. 9) x 10I ergo jg I (C). Naturnl ruhbbr wid Na(iprou Oi N ~Uti mtvicko ($SIh undorwant it
uo~u lit abruauiti rawl"tOom. e by 89: par cont at 8i. 5 x Of) ergo g' (C). Tihe c~trbun blTALk-
roinfoitced stockm of GR-S and iii! rile rubber wera reniarkabtv lit that they both showed
at diii:r ea o in abra uion loss with i rradiatiuat; a 28 pw - cu~nt. fiipiove-niswit for GR-S and
an 88 par cunt finiprovtonkent for Hycar 1002. This meiti. thiat tho abraslion resisutance
of LiarhwIj black- r iztforceci rubber c(,mpjuutidt; of OR- S and Hyra r IM!O. actuailly impr~ovuio
with a radiaticmi dose of 10I 10 rgo S-g (C) (see Table 60).



TAB Ii.:60. CIIAN] E iN PIGOAABRASION INDEX WITI-l GAMMA IRRADIATION(116)

Abrasion index (per cent) ý v *u"IT'- loss of standard . 100,
volume loss of samplh

Abrasion Index, per cent, for Indicated Radiation Dose, Per

ergB g" I (C) Cent Per
of Cent

Rubber 0 108 5 x 108 109 3, 5 x 109 7 x 109 1010 Initial Change

Natural rubber 28.3 26,9 6.6, 26.8 23 5 14.7 3.2 11-3 -88.7

(gum Stock)

GR-S 16.9 16.5 16.2 11.3 6, z 7.2 3,8 V2.4 -77.6

Neoprene GN 45. 0 42.0 41. 7 27. 5 6.0 4.9 4.8 10. 7 -89, 3

Hycar 1002ý 18, 7 19,8 16, 1 9,8 5.6 5, 1 4.9 26,? -73.8

Natural rubber 96, 8 96. 6 97. 8 94. 4 90. 7 85, z 68. 4 73. 6 -29, 4
+ carbon b!ack

GR-q + carbon 8Z. 2 83. 0 83, 0 82, 8 89. 0 IU0, 2, 105. 2 IZ8. 1 +Z8, 1
black

Neoprene GN 105.4 100.6 101.4 98.6 10,.9 71.4 57.8 •4, 1 -45. 2

ý carbon black

Hycar 1002 70,8 70, 1 7Z.7 86,0 101,? 163, 133.0 187. +87.9
+ clirbon black

Perinanotet Set

In th e hangim in perinaz, unt sut wit~h Irradiatiun, natural rubber wam wr superior
to thu thrue 'hcu, ulasutuknurs touted. DotWh Its gun- and carbon black-ririnorced coui-
pounds had relatively low initial poininaimnt mnt, and relatively little c'hwige occurred an

a result of irradiation. The gum and ca'bon black-roimforced stucku ol SBR, Neoprene

UN, and Hycar 1002 (nittrile) all showed iiarl'red decreases in permanent oet as a result
of irradiation (Bou Table 6i).

Gehrian Freezr. Point

All the gum and carbon black-reinforced rubber compounds showe.6 im.all and ap-

preximately equal inicreases in the Gehman freeze point, ranging, from 4 to 12 C, as

shown in Table 62.



TAiE'01. CHANGE IN PIERMANENT SET WITH GAMMA IRRADIATION('16 )

Pertnanient set (per cent) ihlitidiht - recovered heighh t 100.initial height

Permanent Set, per cent, for IndicateJ Radiation Doeo, Change in

erga g- (C) Pormanent
- Set,

Rubber 0 108 s x 108 109  3. 5 x 109 7 x 109 1010 per cent

Natural rubber 2.9 3. 7 3. 8 3A4 3. 8 3.2 A . 6 -0, 3

CI S (Too a0ft to test) 30. 1 8. 0 3. 7 2. 2 (Large)

Neoprene (N 40.0 41,2 36. 9 15.8 2, 8 1,6 (Too -40.0
hard to

test)

Ifycov 1002 1 2, 2 9.8 6, 6 1, 7 0, 6 0, 3 0,3 -9,9

NatnrAl rubber 11,0 11,4 1?., ( 1116 10,0 9. 1 7,1 -3,9
+ carbun bluck

((R-. + vnrbmn 15.t 13,9 17,4 9.9 4, 7 3,4 2,0 1 1,a
bla,,ck

Nc•olen, GN 27. 4 2H, 4 44. 11 13, 1 (Too hard tu tett) -27, 4
+ c'arbon blatck

1lyvar 1002 11A0 11. 1 1,.0 1,8 0.4 (Tou hard to -11.0
+ carbov| black teat)
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Over- ;r11

(iehmlan Freeze Point, C, for Indicated 1Radiation Dose, Ghange iu
'gv g- chian

Freeze

rubbe r 10 X 10 8 109 3. 5 x 109 7 x 109 1010 PoiC,

Natural rubber 59 -58 -59 -.58 -58 -.56 -53 +6

GR-S -52 -52 -52 -52 -5.- .50 -48 +4

Neopri-ne GN -40 -37 -38 -37 (+7) -35 -28 +12

jyca~r 1002 -Z 3 -Z3 -23 -23 -23 .19 -14 +9

Natural rubber .57 -56 -56 -56 -56 .52 -50 +7
+ carbo'n black

GR-S + carbon -49 . 49 -49 -49 -49 A.46 -45 +4
black

Neoprene UN -37 -37 -37 -36 -31 -3'/ -30 +7
1' carbon black

llycar 1.0 -2s -24 -4 -Z4 -21 19 -19 + i
+ carbon black

Conc lou tolls

Acc4urdInug to the Uoodrich report, dynnmic tests imldicate that the tenidancy hkas
bean to underrate the ability of rubber cUmpomiiLm to withstand Irradlatiun in turniv of
mnechanical survice. Some mechanical proporP'tiog of c-rtain rubber conmpotids '.,.ctuAlly
improve doring Irradiatica. Thus, it is oeen that it 1k hnporativv to obtain moro data
under dynamic conditions.

State of Citrr

Studies of the oiffct of utatu of cure indicate thut tighter cu re rutairds compreouion
act of rubbers which are irradiated in a mtreseud .tat,. ( 15) Thi, suggested that, con-
trary to the case where the rubbr.r in generally uanfitr'eti,:d or lightly ttresood betwe•en
loading cycled, rubber cnd-itenms which are subjected to continuous, ;appreciable com-
prLession or extension during irradiation should have the maximum ctr rv) MtI rete
with the required sr vkic properties. In this work, the effect of state of C:ue' on the ra-
diatimt resistance of IHycar 1001 (high acrylunitrile content) was deter'.nitied. 3ix dif-
ferunt en cuvs woro sulhcted to reprcsent undercure, optiniucrn ctir anid overcure for this
Attax-sulfue cured, black-loaded (50 phr oif SRF) Hycar stock. An into rpretatorn of the
ri-usuits indic:ated that the more a polymer- is c(rosslinked before cumpre.s ,ion mtd irladi- -
I i-n, tho high r *o texpomure dlose required before chain cisc shion or fuirtheiri c ,ni,.inkin'g
or bolGi b.,conPc ,.wasxrcable. This conitrasts. with L'.trlicr ntItjh i•ti- •li I hl wirk
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where it was recommended that the moost tolerable uidcircure be used in any application

to take advantage of radiation ruring. That recormnendation still applies in cases

where the rubber material is not stressed during irradiation.

Data obtained by Born( 1 5 6 ) confirmed earlier results which indicated that increas-

ing Care in t 'O1)L'UliOud reduces iAt susceptibilily to radiattiou-indue ed set, On an equal

hardness basis, radiation curing of lycar 1001 offers no advantage over chemical cure

regarditij, resistance to radiation induced compression set.

METHODS FOR IMPROVTNG THE RADIATION RESISTANCE OF ELASTOMERS

Several methods were attempted to improve the radiation stability of elastorners.
These included the use of fillers, the and-ition of radiation-resistant resins, and organic
kddltives called antirads,

Fillers, in general, improve the radiation stability of rubbers, Mineral fillers

are not an good as carbon black. Bopp and Simman(76) used asbestos in a natural-rubber
formulation, while Born, at the B, F. Goodrich Company(1 3 2 ), used mica and asbestos,

Li general, the physical prupurtivi were inferior to ia standard compositions, and
there wru uito improvement in radiation stability.

Rhosearchera at the, Goodrich Comrpany(1 3 2) ovaluated Guodrlte Reuie 50 (a high
styrene-butadiena copolymer) lit GR-S, Duroz (a phonoli:) krn nitrile rubber, and Hlycar

HI-I (a brorninated Dutyl rubber which is mire uonktpattble than I3utyl rubber) in natural
rubher. Theme materialti improved the radiation resiotance of the gum stocks, but thoy
appo;arod to have littli offimct on blr.u,.k btocks.

Improvainent of th, radiiatiun rosistance of rubber ormpositione won obtained by
addinig organic additives hnitlar in nature to untioxidants (antirads). (13) A ntrineii of
antirads were unuoverad that extended the roteintion of tensile strungth and the ultimailte
.slungation of natural-rubber tread stock under Irradiation by a facter of ten. Tn,, bost

asitirad, N, N'- cyclo-hoxy]phonyl-para-phenyleuedlanilne, resulted in the retentiun of
99 ptr c•nt of the initial tmtroil. •, rcngth and 88 po)r ctent of tL1i4 ultiniate nlangatton at a
dose of 1010 erga g-I (C), compared with 36 and 18 per cunt, respectivoly, fur the
nurmially protected control rubber compound. (116) Table b3 lists the ten best antiritdo
for natural rubber, based on retention of tensile strength and (dong"Atiula,

Antirids appear to be the only method chat gives any real impruvenment to radia-
tHon resistance of cicne-type elastorricrs. Antirads have improved the radiation stability
of iiatural rubber by a factor of two to ten. Work is in progress to determine the fi-

provement shown by antirads with uthr clatstonie rs. Additions of fillers, rc.'.xiforcing
agentsa, crbssilinking material., plasticizero, and r(esins have onic teffect onr particular
types of p.lymers•, but the antiou.idant-type tonlipotinids (jiotirddb) have the greatefst ef-
feet. Antirads are, however, spc :tific in that soume a.r: monrt eflfective with onei type of
polymer than with am nother. 'rI'uam far, over 100 mateialMl have been evaluated as po-

tLntial antirads by The B. F. Goodrich Co. This work shows that best results are ob-
tainied if th antirad is tiilized in conihiniation with the commnonly used antioxidar, pheny!
beta rnaphrthyl arvinc. Tatll 64 lists sonic of thir moue iffoectivuc d.irads awld

.apondiug ulastomcrs that mre ir.proved.
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TABLE 63. RELATIVE RATfl'G OF AN*'IRADS BASED ON STRESS-
STRAIN PROPE RTIES(1 16)

Total radiation exposurn n! !0 0 ergo g- (C),

Par Cont of Initial Value
Relative '7on sl t
Rating Antirad Strength Elongation

I ,N' - Cyclt-thexylphenyl- p-phenylene diarnine 99 88

2 35% Diphenyl-paraý-phenylenediaminet, plus 86 76
6514 phonyl- alpha- naphthylainiie

3 alzinhydrone 91 74

4 N-p-tolyl N' -p- toitene sulfonyl- p-phenylene,- 91 70

diarnine

5 N-phauyl-N' -u-tolylethylenatlaxnino 83 7

6 Bota-riaphthol 8 71

7 13eUL-3iLphthylaiim o 8570

a Z0 GC 59A 6

9 Pyruga11o1 100 66

10 1'honyi hydroquivnuru 87 681

I1I N,N - 1.)iuetyl- pis ra- phoniylene diarnine 8 69

89 (ASTM natural-rubbar tread-stock control$ 36 18



TAR A1.l ; THlE 13S' ANTII1AIS 1WJR VAIUOUS~ E.1 ASI OII(li)

Best Antirads

Taken at Loss o! Orighial
irakin Pt h] loss (if Orij.lnftt Ulttlonuc Liongation at

Elastosnlr 1.1tliniatc iotlgatiul 1. I X 1010 Ergs G- (C)

Natural rubbor Alitiux 4flIda) AndoxU 4010

Styrene butadiene rubber!
(SRI'. 1600/1501,N Alplia-anprithylatnine A ipiu-sa-iptlityaimnine

Niulle rubber
(HycaT 1002) Alplia-niaphthylarniln Ouinhydron-5 anld FIX

Neoprene GN ARtXn1ex C(b) Akrafle C

Hypidon "20" Quinliydrone Qoinhyuhone

Polyacryilk rubber
(Hyciar PA-!UI) nxft() AlphaR iju~phithyiariiie

hPoly~sLuise rubbor
(Thiokol ST) FLX(() I4LX

Autyl riihhor Norio found masfaulmcury Nonea found tatiisamtory

(a) AnUUM 4010 a N-eyoluhexyl-N'-plienyl-p-phtsnyliee Jilinine.
(b) Akrofia% C a I&0 N-Ndpi viiyl-p-pheirylen-ý diarniffit plui U*. pii~jnyi-&athA-

naphithyl Ainine.

Borni( 156) determined, fliae ffect 'if the Ucrylonitrllo content U11 cOmspremsiuon not lIn

nitrile,-butaclienci and styrcinsi.-butudione rubbeirs teontainhisg antiradis. There v'.ppaared to
be a slght irtcreaso in radiation re~Loutaasus with iiicrosoolng acryloiiitritb LUConAn, UVcin
mnore so in the premunce of Anltiox 4010 (N-cyc.lohnxyl-N'-phoniyl" p-phoniy! diarn~ric) as
an aittired.

The addition of 3 phr of -in antira'd ulightly bic roamod the toituila utrtngtli of tliu
U13H compound but caused a mild decrease in the tonstle utrungth uf tho 90/10 NBR/Sbit
compound, Little or no furthor h~iangouoccurrod iii taiketle Arvangth whcri 5 phi, of imltirad
was added to the base Con~pjUnd-i.

in general, the inct.rpfr 'ation of an anitrad had little or no effect on hardneeis. It
cAused a 25 per ýcent docrease In vulotne BwelI in thei NBR sankples but nu eiinific ant
change in this property for the NBR/S.13R aarnptes,

~lbtimatecelonigation increased wlih aiitirad concentration in the control compoundu
by amnowits rasiging from 18 to 58 per cent of the ittitial valuee. 'f increase was
greater for tht- NBR '1001" series thtan for the NBR/SBR~ "Z00" ser'eii.

Addition of antirad progressuively decreases! rcuodulu6 values of both controli Com.*
pounds by amounts ranging from 20 to WI per cent. The effect of antirad concentration
ofl cornpresbion sey. prior to irradiation was mixed. Antiox 4010 decreaaed corvpression
sct of the NBR/SBR cointrol comfpoulnc! by 2$3 per centi of the initial value, whereas
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hydroqLlinonu caused a 25 per cent increase for the NBR control. In other cases, the

antirads caused little or no change.

With the above understanding of how antirad addition affected preirradiation prop-
erties, let us consider what protection the antirads afforded against radiation damage.
They slightly iznhibit4-d decrease in tensile .-trength and caused 22 to 33 per cent lcsr, do-
crease in the initial ultimate elongation value by the I x 1010 erga g- I (C) radiation ex-
posure dose. Only hydroquinone failed to protect against toss of elongation at break.
With the exception of Antiox 4010 and FLX, antirads had little net iniluence on radiation-
Ihnduced decreasea in volume swell. However, Antiox 4019 reduced the net cdecrease in

volume swell by 33 per cent of the difference in the NMIR case and .2 per crD in the NBIR/
SBR case.

The most striking protection occurred in the casne of 100 per cent. modulus and
compression sut. which along with hardness and resistance to swell j.vd chemical attack
are the most important in O-ring performance. The antirads reduced the per cent in-
crease in nodulus by amounts ranging from 21 to 50 per cent of the control-sample
c.hango in the NBR/SD.R series, with Antiox 4010 being the most effective. The arlirads
elIected moderate inhibition of modulus change in the NBR serieu (29 per cant), N. th
hydroquinone giving no protection at all. In the NBR series the inhibition of compression
set ranged from 38 per cent less thinthc radiation-induced change in the case of FLX to
completo protectiin in tho case of Antiox 4010 (no radiation-induced chmnge in -ornpras-
sion set). Whereas the control samples underwett a 39 per cent decrease in the
compression-set value bocause of the I Y 1010 ergo g-I (C) dose in the N1.R/SBR ser'Ies,
the samples containing antirads exhibited Littho or no change in compression art by
irradiation.

Anttradm prot-rt evun much specialty rubburu as theme proprietary compounds,
which we'ee developed to have aiaximum remistance to aircraft nonradiation operating
enviroarnonts, fromrk radiation damuage. Seco- 1, the results repeatedly suggest strongly
that cuzsnpounding variables, such a# type of ,,.,awto•jor and identity and conc:entration of
antirad ýan critically irfluenco thu radiation aurvice of premium O-ring anitls fur air-
craft. These two conclusions point In turn to a fact that lit being demonstrated wlih ins.
cruaoing fraquer y and force: at this state of the art, an antirad cannot ('insually bo
selected or compounded Into a rubber formulation, Success in achieving radiation pro-
tection depends upon choice of a proper antirau for a particular elastomer which is
specified and an educated compounding of the clastonicr to produce that rubber designod
to retain best tde moest critical servico proporties for the chosen application during
irradiation.

In addition to the antirad studies, Born( 1 3 1ý has found that, for maximunk resist-
ance to radiation, it iq best to utilize clastomeric compositions in slightly undurcured
state. Table 65 shows that slightly undercured compositions are more stable tV ,'adia-
tion than those highly vulcaaized.
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i A 1,I.E 16f. tEFE('I OF CURE ON RIAIA'I'ION STIAIIII Ii'Y OF NATURAL IUl01IW' [(3"1)

Per Cent' of Ill trial Propcrty Retailcd After
Indicated lp I0 1I 1sG4S7)

Additive. 10143o Modtulus Tensilc 5tengt . Ehongation

Slat, oft're phir 0.87 3.0 6.1 8.'1 21.6 u,K1 :1,11 1.1 8.2 21.H 0. 57 6 n 6.* 8.q 21.8

Slight t udercured None 140 180 280 360 -- 94 !)G 89 83 28 91 84 72 54 16
PHNA 0.6 200 160 300 :150 650 916 100 92 80 30 92 85 •7 52 11
PBNA I,0 80 200 300 .360 600 105 101 91 16 29 98 90 70 65 18
PBNA 2.0 80 210 280 320 050 101 99 92 81 30 05 87 72 62 20
PUNA 4,0 167 178 233 311 666 101 103 93 82 41 94 83 76 02 23

Optinmiu cure None IM3 I80 246 280 .- 90 1., 55 ' 9 :40 921 11 37 '. 17
PBNA 0.6 114 193 239 30q 443 104 97 R2 85 39 95 76 ZG 42 20
PBNA L.0 121 193 271 342 -- 108 97 83 62 39 97 70 60 40 18
PDNA 2,0 120 173 203 273 •f7 102 97 82 76 37 93 80 j 81 19
PINA 4.0 114 161 214 271 450 102 99 82 82 81 86 83 65 85 26

Shelburg and Gevatntman( 1 58) invnntigated several additivea aa poa cabli antitads,

but none were as effective with natural rubber as Antiox 4010. Table 66 lists the ma-
terials tried, the ioamon for their selection, and their crystalline longevity relative to
the standard, natural .tubber. This latter property was determined from curvep of ILL-
fraction spot: ittnmity vearus irradiation time. Samples 10 to IZ mil. thick were

stretched to ani eloigatiun of 400 per cent and clamped. They were thost irradiated while
stretvhed and the cryutaLhinity checked periodically by X-ray diffraction. The radiation
time ot which crystlllinity disappeared was compared with that for the standard rubber.

Fronm the rosuits of this work It was concluded that resunanco and large molecular

slze do not iirevasarlty provide itktirad protection, similarly, tiac• lrescince of chenmi-
cally stable and radiation- stable ingredients In a vtdcaniznt. dues not in itself Irupi, rt

tprotoution against, radiation. Alo, an ainttirad effective for une matit isl Is iot mnousi-

aril' siatisfactory for another, fouuewhat similar zmatorlirl,

The rubbe3 r iaburatory at the Rock Island Arsenal, under the direction of
Z. T, Omusdort(159), itvestigated potential antirads for nitrile rubber. Appyru.yinmatoly
25 potantial inhibitors of rndiation 'Jamago and 3 curing uy•atie were enaininvd, None
of the additives, with the possible exceptiuon ci , 5 dltertlary butyl hydruquiimoni, 1*,-

tarded radiation daniagu. The results fur the ditcrtiary butyl hydrotquinone were not
conchlsivo, and more work with this additive is in progress.

Oth.er kneans for improving radiation rehoistance in through mnudLfication of the
elastornor. Grace and cuworkers0( 3 5 ) ntoted that alpha methyl sityroure slhowed promise

ts it cnpotnent for radiation-, resistant o.laatoxers, A butadiene-methyletyrene copoly-
nier with 35 partu of an HAF Black uhowed only a 2 lpoinit chatnge in hardncs5 after

1010 ergn y-'l (G). H.owever, more work is nee-ded with thie, type polymer to fully estab-

lish its na,,.rit int uc with radiation.

In studi•s leading to the development of ,-lastovnscer with superior resistance to de,-
gradation by nuclear radiation, Stanley and Delman(130) critically examined the, utruc-

tilrral. rhanges occurring in irradiated 5BR 11 otymers. C',nmical changes in Sýti in
toWlene :3lktions a, Sbjected to 8. 46 x 107 to 8. '6 x 10') or n. g- /C) (1 t) 100 r.egarepb,)
_f gan1ini xs ramtAtion were followed by il Vda '(1 Si~cctct rolpht.fht, i(ri,'" tetchriquerj . Data wcr'



TABLE 66. EFFECTIVENESS OF ANTIRADS IN NATURAL RUBBE R (ý

Crystalline
Antirad Reaaon for Choice Lwigavity(a)

N-cyrlohoxyl-N' -phenvi- Kn-owrv lu lie good antirad for natural 4
p-phenylenediarn3.ai- rubbe~r
(Antiox 4010)

Indocarboit CL Reonozliice contiideratiuns and possi- 1.6
Irnredial Now Blue hility of chý.,rxical cornbinatiosA with 0.139

rubber during vulcati~zatimi

Carbanthrarie K~haki 20 RteNonance coktuidcraktiuin 4Asd lag

civo' to ma iniun.1d10 ~ d~t&
oun~rgy recutivod from tiubitratoi

None !)otei'rn11llu~ effect of earbukii this 011rnplt

LUSAtLilkW d DO C:U±-bui I.

None S3tmLinILId tniturliI rubbov munuzpaj 1 .0(

Gru~phita RItdi~ftiull N WI)Ilty , potoutI .aI xrisMo-
nmu.icL mLukbi~lty, ~and boc~uune it pro-
videv an infili~atc network ijf .oikdpoood
rings U. 74

Phthalocyaninre thorrrnd, cIILnmiv'ixl, itkd L-40iOtivii 0. 0()
Sat&bility

1)idodecyl sulanide Reported as rotardiing radititioni dirnage
ill Itihrirating oili4 0. 55

(it) (;rymminL itmwei~jcVty 1!JICh riaiio f file Irradiallowi 11111 rt 1114. Strettuhed rvbber to lost: it; rvxI.J Stuiud re aird '. 1 711

for a %timndttd faturail ruhbrersampti e to'bt, Wt cryImal iitmtotc wlici liradi~-A i-de rIntv: samsnti cotiditiuis,
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obtained indicating a marked difficrentiation between the rate ot attack of trais- 1, 4 double:

bonds and that of cis- 1, 2 unsaturation, with the latter predominating. The findings sug-
gest a meants of inhibiting degradation of the polymecr by modification of the structure at
the sites most susceptible to attack. Toward this end, polymner synthesis and grafting
studies based on these observations are under way in a continuation of this work.

The technique described for ascertaining specific weak points in $BR can be ex-
tended to other polymer syatems to enable determination of those structures and steric
con-figurations which impart maxirnum. radiation resistance. This is being used as a
basis for subsequent synthesis studies in this work.

Work along the lines of the cyanosilicone elaRtomers is being c..arried out by
Stanford Research Institute in the preparation of fluorinated arylone modfioed polysil-
oxanen, and by the Yarsley Re%¶ch Laboratories in London in the preparation of
arylone modified ellcarbacies.

Iormation rogarding methods for improving elastomers can be summarized as
follows:

(1) Carbon-black stocks, in general, show somewhat better radiation re-
sistance than their pure gum counterparts. The type of carbon black
und ix cif iUe significarnce.

(2) Gompounds loaded with hydrated silica appear to have slightly greater
radiatiova resistancv than any of thu blck-hloaded cunopounds when
tested after irradiation of 2. 62 x 109 urgi gU I (C) (3 x 107 rouintgens).

(3) Elaslneailc cOmpouaadou having largel luadilng of huavy metal ftllera
arx generally not., ifnprovud iii radlation danage iWi rcusptt Lo tulenile
properties. Only lead sulfide in pure gum comllmpounds and titalniuml
hydride in pure gum muid black conijpouirids showed merit. Since tie
meits of higher atoumi i number 'bsurb owru gunuiman radiation, it
might be advantagteous to elltilbuate heavy metals Iront a rubber forimulta-
tion, The olunhoots in rubber are predonkinantly of low atomic number.
In general, Oth zinc in zinc oxidet ald the heavy wetals in aecoleratorw
and fillers ,re thu only exceiptiou. Tests are in progrese to develop P.
satisfactory stock with mnagnosiumi oleats or potauimm uleate it pluacu,

of zinrx oxide and stearec Acid. Such a ( ()utpomde wetuld have good
physical proporties and would be relatively transparent to gpnrna rays,

(4) The addition of boron to a rubber comipound ilmuprovoa it a'IL a neutron
shield, but the buron acclArittes radiation danmage. Using five parts
boron by weight for 100 paxts rubber, a "'%-fotd ac,:'clcration waa ob-
scrve:d forr natotral r,,,her, and a t4-.fuod ic rca sc lor poly isobntyican,

(5) Blended pve. gunt stuclks, which corntain at high polyiene. in addition to
the elastotner have iniproved radiatio:"a , ittnc e ("rR-S//Goodritc
50 git•, stock howed nssenti,-ily no chanuge after recteiving
6. 1 x 109 erf g- I (G) (I x 107 rocng,,, q). Ilycar/Durtz restin comn-

m) nold tinj rovcd ill tensile strength dltii r lg iv'r;tdihttiorn while slhowing

small changes in ititimnatu U ituuagatinn NMl 100 lJt:r t C:L ICi,IitiL •i1odttitta.

Stitoked ahbet/Ilycar 1lt1jilrt gt l fiWt'( t,' lietit et'tticj of ;ll



nicatitired properities and GR- S/I lycar 1111 also showed good resis' atce.
11lyca IM'11, a 1) owii atekd but yl rubber, helps tho blend to resist change
in 100 pet. cent nicoulus and has a slightly beneficial effect on ether
stress -strain proportioec. The addition of carbon black proventb jir-
provelnielt in stress- strain properties with the exception of the m-odulus.

(6) Certain chemnicals, when added to rubbe~r comnpounldo, extend the reten-
tion of tenoile strength and ultimatle elongation in a radiation field by as
much as ten tinies. This protective mochanism can be outlined briefly
, - q follows:

(a) Reducing or nucleophilic. agents prevent oxidation of the primary
material. Amontg theac agents used are: quinhydrone,
pyrogaliol, p)-cquinone, and cystcizvo.

(bi) Oxidiz.ing or electropliilic agents prevent radiation of the
primary material. Included in this cla~s are: iodine,
bromizie, potaasiun- porrnsngainate, lead totracetaic, and
hydrngeix per~ixido.

(c) B~uffer additiveu provont a. change in acidity or alkalinity
whicll m~ight affoct critical propoirties. Therti are~ bttufvv
for nsarly uvc'ry pll T-hngO. lxaynples4 Firw~ citratm~
(sodium~ citrato), jihthialeato (potassnium acid phthalato),
and boratuii (boric acid).

(d) Anitmitt~ir rhing Myoteims Iirty uct Lit ''ezlttIgy ISpongou". Thuy
have bufficielit rusonancu energy tu hold togathur until the
vibration- rotatiuxi tiiiorgy ls LibiS litotd au heait, Thuy usually
1-0tj1iV I'. it l ithl groupI Wh ih ULAN US a ''point Uf limtx'y'' ul tho
onueLgy. A low oxanijil us u it-w te ipheityl , otyl boviv.una,
alnino b o t)ziiL. acid alldi dipi ldilyl arAI Iini.

(fit) Stablu frou radicals p~rovldo protettiun fur u priiiiary maturial
by ''tuling up'" fret V-AdiL"aLI or Activattid iuiulevtlub pro~duce-d
by radiation, thuo p)reventing ewroosuivoi gausing or furthur
choearlicvl reatt'doii. 'IWO uxaniplets of much stalilu free radicals
-i r u:,', mi-dpey--pcrlb aal i .ipvilneth yl.

(C) I it a nileco to hasj becii eq'p Ippd with ai weak bond located in a
nunt rlti( I plaice thu eurcrgy frorn raliafl~un absorption will go
into breaking this bond rather tha'i an irnport-int str uctural
bonld. For exitiple, C- I i i de builds on a - C.- G- G 'h Ointr or
C- S in stead of' C- F' or C-C-C- in sulfuir irflpregnated rcillon.

(g) Proie rt ies dependenit upon tto s slinkking alay he p romoted in
polymetr s vinider i rradiation by the addition of cornpolindsi such
as, diviniyl benzene, sulfur, or orgetnic perox~ideu,

(h) The~ru arIc sib stances which reaidil y Cu i'm rings, both a romnatic
ald110(11 noit r,,mti tc. 0Celation conipumidti are an exatmple. 'I'ypica t
Of nhcon iplwndIs a m: ph ct ylciie dianineic, Othylene dia-irri in
bei-y! in.'thyl glyoxinie, sah, ylaldt.hyrIo, andc S- 2-anmino vttyi

5iso1 in IrFo 1 ~cIIIl



(i) Sunie fillers r educe radiation damage inl ciat~towiersi and polyinerý,.

Su i ne they have unorniousi surface a reas it is believed that the iiiechanisn-i involved in

Surface catalysis of recomnbination processes, or surface adnorption of electrons or lonls
produced by irradiation. Cominonly utsed fillers are.; asbestos, mnica, clay, zinic oxide,
inagittsiurn oxide, 1 card oxide, powdered. irn, anda po-wdered tung"sten.

-plas~ics

Plastics are, in general., equal or superior to the elastornirs III radiation resist-
alice, with the rigid types being the most resistant, Among the thermosettinig rasins,
the. glass fiber.- and asbestos-filled p ,notir,., aromiatic-cured epoxies, and polyure-
t~hanes arý, the most resistant. Of t:ýt thewniopl~atict, oulystyruixt: and polyvinyl curba-
zole are orqually as resistant to radii~tion, but have much lower strength and heat
resistance.

The fluuorino-containing plastics, such as Teflon, Koel-F', or PVC degrade In a ra-
diation~ envircirment and liberate halogeni acid whiceh has corrosive effects on adjauont
components, G-Assing of most plastics io a problem lit enclomod or poorly ventilated
my sterniii.

Mrineral fifllris and cerami iibero irnprovd) the radiation. resistance of most
plastich. How-5vtlr, littlu Jucc.o Ilaim boen achi.vud with organic scilitillutors, OxC11111t
with Z,5-cliphtt;myluxazolin, which imnprovod thij radiation rusiotuance uf an opuxy adhesivo
by a factor of fou~r.

The rmauootn Ugin ii

Illusnollc ii. U11fillod pheoll leua tand fairly low in rdadlaiun reutistaice', ?5 per cunt
darmitie is accruod at nit aboorbed dove of 1, 1ia x e0rgs Ig" (C). Their tenaile itid hn-
1jact strengths do-,reaue about 50 per cetit al 3 x 10 0 orgii uj (C). When irradhatt~d,
III.-Y''' b~ ~ "'ri -rttto, and tcnd to crumble. In additiun, a tsultble product in
formeud which caution the miaterial to dliminlegrato ill wate-r. (8 1)

The addition of fillers, particularly rninaral fillers, 11w ceases thu titability ul
jIaenulichi a Phonol-fornialdehyde with &asbeatos filler (Ilavng 41) shoUWs OXceJ(l let radia-
tio-n stability, being one of thu movo radiation- rceistant plasticsa. It is unaffected by ra-
diation dosageu of 3. 9 x 10 10 ergm g-I (C) anti is damaged by 2.5 per cant at a doag of
3. 9 x 101 1 urgo g- (C). It may be noted that such (:oI'biflatiwits also have higher heat
stability, Of iiiterout is the fact tbat. asibestos improved the radiation rt-ai stance of
phenolicti but did not improve stability of rubherts.

Mich r (75) reported no obvious mechanical dete riuratiuti ijiita Bakoilite phenolic im-
p regnate -I with phosphorti s after beintg irradiated for a pcio 'hd oi 10) monithn in the
Clinton reactor ope rating at full power. Ilie cldirns that this pe iforinarnct was uneiqualled
by a.iy of the other materials examined. Th' 1- agcs werec not give~n for theuu



PheJC1ii: Lia ai•iatcS tcCt•dc by Ke11er( 9 ) hac' lot reached threshold damrgc after a
room-temrpratLure exposure to 8. 3 x 1011 ergE g-I (C). Even after the irradia't.d lanii-
niktcs were heated for 112 hour at 500 F, flexural strengths were high, approximately
47. 000 pli. l'hcstu values were equivalent to the flexural strength of nonirradiated landi-
nates exposed to 500 F for 1/2 hour (see Table 19).

PMeniglic laminateu irradiated to an exposure dose of 2. 1 x 109 ergs g-l (C) at tem-
poratures of 600, 700, 800, and 900 F showed equivalent or higher flexural- strongth
values than laininates heated to these temperatures with no irradiation. (9, 81) .'-eiler
points out that a phenolic system ordinarily deteriorates when exposed to elevated tem-
peratures in the presence of air duo to oxidation. He suggests that it is possible that
irradiation inhibits the oxidation and that crosslinking takes place.

1 1'.'o .ezi. When cured, epoxy rosilns are generally hard, extremely tough,

and chemically inert. They arc the reaction products of opichb.orohydrin and poly.,
hydroxy compounds (ujutIily bWophcnol-A.) and are used as uncap sulatin& restiis for
eleL.trical pirts, for protective custings, and av binders for laminates,

Thetie rouina *.o above average for plastice Ii radiat~os% reosiatance, having with-
Stood dusnH up to 9, 5 x 10l0 eurgs g-I (C) without daterioratLon. TMii is very lilhely duo
to their rigidity and aiomiatic coninnt, It Le "n oxamply of how great rigidity can aver-.
come the effucta of the quaternary carbon atom, (I 12, 16 u

A 1tten and Ralph('162) bun-umirized work on the eflect of pulme radiation( on east
epoxidc ru•tn systemij. The samples woel Irradiatod with a slow neutron flux, ranging
between 9 x 1011 amnd 1. 2 x 1I01' n eni'2 ouec 1, the latter figure botng the rnnxin'uni
flux avail'olu. All result. arti oxpetiumd as days at pile factor 1Z.

Mout tif tho fluxtual strungths r,,#jV'p1L cO(niut of only one break at each lovul of
irradiation. Tis Is nit sufifi.iat to obtain any degree of cartainty but It dutis lndivat,'
which aro the buet oyotenitu to itudy fuArther. IIn the NysteMts in wliCIth more than one
test was carriod out, it ii. obvious that the variance about the samnplm mean iincrea-ed
by irrdlutthn. Thib has bLotiz vf,,dlrantid in latae, work not yet reported,

Although hIttirdicts nwiuaoureomunts were carried out on a large nuntaor oL satipleu,
the thango of havdales s with irradiation was sii-all comlp~red with the ,ixpvrnimev.al error
of the measoretrnnt, SinlilRacly the shrinkages reported were wmall compared with the
orral'; iii inia surciniot oid the slight variation i sanaripla thicknesses.

First results sbiwed, am expe-cted, that the aromatic aminio hardners produced
considerably zwore,-- radiatlon-resistant sstenis than the aliphatic aiziine•. B3reakdown in
thmsou latter 'aitcs consisted of rapid fall off in flexural strength as the irradiation pro-
c(eedcd, ;ond of the worst cases of formation of gari blisters in the samples.

"There appeare to be a connection between heat-distortion point (HDP) and radia-
tion resistance. T'lhe rotational and Flexural freedom of the mothylenic structure of an
atiphatic 'ljfl iac produce s cast resinmu with low heat-. distortion points and, conversely,
the rigidity of the aromatic h'trdeners leads to high HlP's and incroasies reusatance to
radiat'ion off.,rl.. The initial increases it ftexurae strength observed in soxire systi-mm
airc prob~ably t auned by the rCa t Ion of thi. residual ethoxylin, groups ttndo r tho inflh.,,i cc
of ri-diatiou,



1.53

Nearly all the san-i[)c s irradiiated were rapidly diarkened, probably Chic in, tho inlitial.
"esag W t conujLgated uniuatti ration effects. The clodecenyl scii nldiesml a

least affected in th is rf!8pect. It required tbout 1 1 pile. units to) darken the sample
through degrees of yellow and red, A side effect which should be born in mnind wheni con-
sidering these effects is oxidation on, the surface of' the specimens. Reaction between
the conjugated douible bondti formied. anid oxygen difflusing into the surface of 1the- polymer
can increase the rate of' chain, sci ssion, thus producing a coniponcont of dutiradation which
will depend on sample thickness.

Dlarninino diphenyl methane and metaphenylene diarnine are the n-ost radiation-
resistant commercially available curing agents, the former being slightly better than the
latter after Long Irradiation period&. Ilenzidine appears, from the ,esults of lim-itod
experiments, to be~ vnry much more radiation reoiatant thast diamino diphernyl rnethar~e,
du, no doubt to the absence of the active muothylenic link between the phenylone grouPs.

It is possible that by increasinig the functionality of the resin, or the hardener one
may be able to further increase the resistance to radiation, cinctl the systam Will !:

more crossliziked (rigid) than chose containing diepoxide only. Polyepoxidr, rosins,
derived from phenol formaldehyde conidensation products of novolac structure and
oplehiorhydrin, have, butii, prepared. Tho futictionitaity cof the hardener may be increased
it& arumnatic amnino compounds by usbig cither compounds such as 4,4V, 4''-trlarninu
triphonyl methane which have relatively high mextlting points and arto Moltible only with
difficulty in OpuAilch' Vt'ecNit, or Pn aniline fornialdebyde eoz1viuantion produxt. The latter
haa been prepared by Bishop in a miuitable lorin. H~e produced a low-molting-point 0elid
which was compatible with epoxide reein, producing a ci~red System with a heat..
disturtlon point comr~tnreble ,mith that o~f aruinatic unine ,jystermO(6 3)

Colichiniwn nnd Strong( 164) ha&ve aLmo shown that thu curing mystem anid the ritactlv"
diluent used have a Largo tyffect wik the radilaoti stability ci alyoxy rosins. The best ra-
diation remlutance is obtabied with aronmatfi;- type curing agento o~uch as tIn-

phiniylaueianittlanca and pyrurnollitne; diaLnhydride. Data obtAined by Colichniaan arid Strung
show that apoxy pliAtsticti of high heatt-dlsturiton tempo Aittukrot a Uv zihora rtioist~it to~
radiation than ffiuo havitig Luwor-tenipormture resistance. Pyrcuzuiellltic dlianhydride
curing systuixns produce epoxy plastics having high hoat- dimtoritnin tompe ratuo re (500 to
575 IF'). Wheri much a mystemA receiveid 010 1ma4X11nuv radiation dose UWsud, 101 o rglo g- I
(C), the h oat- ch tu rtloi temiporatire dourcamotid froia,, 57 F to appioxiniately 5i50 F.

PJpon 8ZO with (liethiylazziluiup rupyla'a~ntiin am the cataly ot oeaiiatainod ia popet
up to 9. 5 X 1010 Urge Lj I (C). (70) COn thts other han~d, Npon 1001 with dicyandlanrildo as
the catalyst did nnt show good stability. Thim wias attributed to the hardoner usud.

KCeILec9 1 tosted a heat- rosistant vpoxy arid a regulatr epoxy laminatie to deter-minle
the doso for threshold dtimage at r.oomn teriperatuiri. Both lin~inaten cntained glaes
fiber ats the reinforcing agent. ']'he heat- reuistant npox~y Laiminate wag the le-alt reý-
siritant of the two, showing somne degradatioll ufte. airl expos~ure dotie of 8. 3 x 1010 ergli
9g (C) arid consuiderable degradation after an cxpotiurn dous of 2. 5' X 10 11 crgoj g-C)
Thec r egular epuxy lamninitte reached ai radiation thresihold damiage momewhiat beyond
Z. 5 x 10O1 ergs g- 1 (C), andi gignificanit lugs o~f 3treungth did ;iot occur tuntil
8. 3 x 1011 ecgs kg (C). (See Table 19.)

in addition to room--temperatuire studiesi, the heat- resisitant epoxy lam ujate wati
irradiated at 1100 F for .200 hoilro to I total ccc dose' -f 8. 3 X 109 ergs g ()
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Compressivu Strength dropped coosicicrahly when the lamninatus were stibjccted Wo heat
AMC' Ho.1wever, thle efiect of heat al-A radiation was nut a~s severe as that of heat alone.

Scintillato'-s have beeun invostigated as a mcans of iniprovinug the rad'ation resist-
ance of ep-.oxy resins. Thoe-w materials absorb nuclear radiation and ernit the energy in
the form of v~s~iblt! radiittioni vhichi does inot damnage the niateria~l. Stanford. Research
Institute found that onq of these cormpounds, diphenyloxazolie,., improved the radiation re-
uistance of Epon VILL. (165) Lap-shear apecifixens containing 9. 1 per ce~nt of the dipholn-
yloxazole lost only I I per cent of their strength when subjected to a beta- radiation dosage
G.' 8 x 1010 ergo g- I (C). Control tipecimens under the same conditions lost 40 per cent
of their strength.

On the basis of Iimnited studies, epoxy-phenolic resins0 have vory good ivadiation
stability, maintaining their p~eperties up to a doge of 1011 .3rg) g- I (C), Ons epoxy-
adhesive, Epon 42Z J, was irradiated at 77 to 68 F (25 to 30 C) to a dose of Approxi-
inately 6. 8 x 109 ergs g- (C). Even whent tested at 500 F, it showed only about Z5 per
cont 1o88 of tenisilo- shear strenigth. (10) Tha combined effect of heat and radiatiou has
not been determinend at the present txime.

liuriter(166 ), in his ntudy of plantic shields fore reducing permanent nuclear-
radiation damage, fmund that epoxy roslius cun be used to advantage to decrease the
auio~unt of permanent dainagc to sensi.tive tr~i* storte, or other osolid-ioteco detvices. How-
ever, largo quantltloa of plaaitic would be rieedod to cuAakpletuly eliminate Uiiiu ditniagc,
and thu uffucts of the thortnaliz'atiuii of faiit neutron.s )*It 1Increaae in the num~ber of
therimni neutrons and an itc raon io n tho number of gammit rays present - on transient
affects in% the duvicua have not been considered. It is expected that meorn interesting
data on transient offuz-Ac would bit obtafiked fromk wt exporirrent in which operating do-
vIL,,u wo.eo surrounded by large quantities of plastic and toxposed to the (.udiva reactor,
If, no a reIsult o~f 101ch expo~rltulfukts, it wa s loarned that thigrial neuatrone ware at con-
tributor to tho transisint iiamug, it would be quite urimplie to add small aniuukitu of
the 'inl-lneutron sohield 1auiaterlal toi thu over-4 ul hield, anid thereby removeo the thorinalm

witli uubsequctit inc rtimso In gnitritiii fieild, howeoi r.

Mixtir(42) preparaid .,,udi, cum~poIundo of diglycidyl ethor of IDisphonol A (DMIIA),
Fqpon 1001, avid hEpon X- 131 by reacting themr with n-propyl alcohol, phenol, n-
but~ylanhin, dietiql~mninm, and *mniine. The cmntpo-undu thus represent UJMinntokt of Ume
CUrudd Ptkyzne r Chainl betWVLmJ% mo~uulinks andi, in som~e en se (with, amine.u), they repre-
fvlit the osogntnt including the, c rots.lihkiaig anxine groupti.

The chujitiual damnage resulting from irradiativon aippearu to he a Cleavage of the
arnine groups, which volat'iliz~i, and a crr.nHulitiking of thc polymer mnuletiou. 'The order
of stability of resins appearm tr3 his Epoit X- 131 > Epoit 100 1 > Uptc'n 8 fl4, and that (if the
UtabUity of the cro~alinking agent.4 NilZ k~tZNfl-1DuNfl-a. A coinparison of damage to
mo~del compound& avid to adhesives at the samne dooe range~ oliuwtq that a small amount of
chemical darnage can resbult in large changes in physical proporties in the cured adhe-
uivc. In view of the similar constitution (resinwise) of glass laminates, it is apparent
that the high glass-filler content (65 to 70 per cent) in the lamninates exertts a tremendous
protectiv~e effect.

Lscuiy2L2, reins. Isocyuatiae resins, commonl~y kniown as poi-yurethaaeps, are
formed by the reaction of cornpouncis conitaining two or moore active hydrogen groups,
such aui h ydroxyl . amino. or ca rboxyl groupb, with diisocyanatc a. 'The princ ipal



cut pou:ids used at. the p ceseul Linie are. polyci-ars an-jd polyethi rs. Litiear pulyesters
reacted with diisoc yanate s usually give ela stic polyutrethine-7, while highly branchied
pulyesýters give rigid poly-trethanes.

FlIexible arid rigid polyurethane foarn.9 are becomning increlasingly important be-
cause of their high tensile strength, excellent tear anti ab~rasion resistance, chennicril
resistance, dielectric. properties, and low thermal conductivity. They can be used up to
150 C, drbo fling on the comp.,sition. Docause of their dielectric prop~erties, they are
us-id as raiomt: and antenrma housings in aiirc raft.

Tornashot(70 ) tested thin ultimate flexu~ral strength and flatwise compressive
atrength of polyurethane foamn sandwich constructions after irradiation. 11The foally sand-
wich saniplie showed no reduction in micihanical properties up to I x 10~ ergs g" (C),
the Largest dose to which the samples were subjIected.

P.ol)yester R~esins. Unfilled polyesters have poor radiation stability, hardening And
developing small cracko under irradiation, Althcugh the 6tability of various polyeaters
will vary somewhat, their properties begin to change at approxiznatoly 10 to 109S args

9-1 (C). Tensile strength and impact. strength doe'ýeasm, although tenpile streingth may
increase at firat.

(',Qi~chznian and Ssam'borough at Atorntc~w LautrAitLiun*1 studied the radiation btability
of urd!Uaid polyusters. (16?) The rnaterialls Lv btvi are liotod in Table 67. They found
that Selectrun 5003 impruvud up to ZO per cent in tensile strength and Young'. moduluo.
TVhe other inaterialm ware not elgndicantly changed. Ny Ohangms in hardness ot heat-
distortion propbrties at doses of 9. 09 x 107 to. 4. 5 x 109 erg. g 1()(1. 0 x 100 toi

5. 0~ 10rads) wave iiutad, Styre a-modifiod ptolytiter syrups caim be completely cured
by irradiation at theme domes, but properties of the cured products are nuot significuintly
superior to thone cured by conventional rnothoda.

.V'A11Y, 67. DES~wywrION OF' POLYIE5T~L It AINLJ TE STED( 167)

11olyvitur Rosin Approximate Ctmpumltiuri ____ Applicatione

Sid.octror, 5003(Q) Unsaturaited alkyd, iotyrontw. modified General purpomie

Shiuctrun 501i6(a) lUa~iuwLk%.r*Lud alkyd, styrono modified ueneral Purpose

Lamniinsc 4 1 2 3 (b) Unsaturated alkyd (tnaloic anhydridue General puirposo
and/or othylene glycol), tityreric
modified

Larninac 41,i8(b) Unrtaturated alkydl (jialuic anhydride iFormidatud fo;- retention of
and propylene arid/or 9-thylene otrongth at elevated ient-
glyroi), styrene modified (35 per peratures; aircraft
cunt styrnent) accueu~rica, storage

tanks, etc.

Laxninac 42.01Z(") Unisaturated alk~yd sarnec as above but High-viscosiity resin; good
contaifligi 30 pe!r cont. of diallyl for hand lay-up, high-
phithalitte instead of styrunu terripe rature applicatior

_______radonieis, etc.

(h) A,,,cic.,u 1 Vdudliwid Co,
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Charlesby arsd co-workers( 168) 118, studied the vffect.'q of nuclea~r radiatimi on tbe

curing of polycstcr s/rups. Following arc, the polyostei.' used in these studics:

Molecular Doiubic Lionds

P~olyester ____ Coniponazits Weight per Molecule

A IDiethylene glycol, xnalaic acid 2166 11.6b

B Diethylene glycol, rnalei~c nc-id 783 1. 6
C Propy1one glycol, rnaleic acid, succinic acid 768 2. 9
D Propylene glycol, mnaleic acid, succinic acid 7M 4. 3

E thylone glycol, propylene glycol, adipic acid 1860 0. 0

The first effect noted was the increasn. in viscosity. Incipient gelation occurred,
and further irradiation caumvd the jel to becoine rigid. The extent of convex-Dionr was

found to be dependent only onl the total close an~d not on the intens-ity of radiation. The
affect of various additives an the door required to produce gelation in Shown in Table 613,
and their effect on time of gel is shown in Table 69..

Oriented Xilnis appear tu have greater xtability than the rantdo~m polymer, Mylar
(peolyethylonu terephthinIate), a polyester filix, has been reported stable up to 101 rgs

9 1, absorbed dome (109 i-ads), whon subjected to electron radiation. (56) On the other
hand, H~arringtoni indicates that. Mylar reaches threshold damagte at vin flvpnooure dooe of
4, 4 x 101 ergs g- I (C) (S X 106 roentgens) and 2!I por cent Juinage at about 8. 7 x 10 9 erum

9- 1 C) (108 roentgens).

Irradiation in vaciuum to 8. 7 x 109 er-g. a" I (Ci) produced the sameo darruign as
4. 4 x 109 ergs a- (C) in itir, inidcating tiat. oxidati~on plays surne part. in tho dikriago
Induced. Mylar in iinuffactraA durinv thor inai ai~gng up to ZOO C (39Z F) by irradiamtion,
except at lovoel above 1010 ergs U' (C).

Oacron im a libeir having the, mitAna i.-heumniil conipumitiun am Mylar pulyoster filni,
Becuuse of its radiation stability, it has buimoi recuinininded for use us tire cords whore
radiution stabliffty is rimmontial, Dacron is not adversely affected by uir when irrtidiiated,
as shevwn by t#-rivilo and elongation strenitths and dime flax Wle of Dacrun tire cords wherl
irradiated in air and in a va~cuum- (see Table 31).

Upon expoaguro to a radiation dome of 4. 56 x loll er'g" g-1 (C) (1. 5 x 1018 n cin-4),
polyethylene torephithalato (Dacron) fiborm begin to powder with complete loom of
KtI'e..vgth. (169) Grymtalllnity (loes not rhoinge, which given evidence that irradiatilin doom
nor induce crosslinking. Rather, the effect of xadiation art polyvf.hylcmne terephthalate io
to hiduce chain cleavage. (16 1)

In a study to determine the coniparaLive stability of various fibers used for tire
cords, Dracron with quinhydrone. or quinono tined as antirads showed better resistance to
radiavtion than the, other tire-co~k-d fibers exazziixned. (109) Dacron, both with and without
the antirad, showed the best retention of stress- strain properties after irradiation.

Ailyl diglycol carbonate, used as a casting re-sin or adhenivi. for optical gtais, is
one of the mnore radiation- resistanit polyesters, It is unaffected by rzdiation to
1. 5 x 108 ergs g-' I (C) and is darnaged by 45 per ce.nt at a dosagje of 8. 8 x 109 erngs g-
(c). Eicungation of this material iiicrcasei; to a mnaximnur of more tl'oan 450 per cent at a
dose of 'i.. 5 X 1010 ergiu g- (C) and then decreases- rapidly.



157

'rABLE 68, EFFECT OF ADDITIVES ON DOSE REQUIRED TO PRODUCEt G1LA'ION 1( 6 8 )

Exposure Inrcrease in EV
Dove, Gelation Required

Concentration, ergs g-1 Dose, per Molecule
Additive ppn' (C) rnegarads of Additive

None -- 5. I x 10 7  0.56
Anthracene 1000 1.0 x. l0ot 1,10 9:9
8-Hydroxy quinoline 1000 7.2 x 107 0.80 3:5
Nitrobenzene Zoo0 7. 2 x 107 0.79 1:4
Allyl thiourea 1000 6.5 x 107 0. 72 1:8
Naphthalene 1000 5. 1 x 107 0.56
Diphenylolpropane 1000 5. 1 x 107 0.56 --

Alpha-naphthyl•-ibi 1000 5. 1 x ij7 0.3L -
Baeta-naphthylamrne 1000 5. 1 x 107 0. 56 --

1heol 1000 5. 1 x 107 0. 56 --
Bcnzoquinone 300 9. 1 x 107 1. 0 16:4

600 1. 14 x 108 I. z6 134
1000 2. 04 x 1 8 Z. 24 &G:b
2000 3.5 x 10" 3.C•Z 18:3

TABLE 69. EFFECT OF ADDITIVES ON TIME TO GEL( 1 6 8)

Initiator I Per Cent Benzuyl Peruxide at 90 C

Addctlv.' Concentration, pprn Time to GeI, mril

None -- 51. 5
Qui•rnone 300 98. 5
Anthrace ti 1000 65. 5
Naphthalene 1000 51. 5
8-Hydroxy quinolizie 1000 77



An •jiviro•ie-nctal control sytstern contain~ing a sili onc-izpregnated Dacrou(1O'/)

di'i)hrAgn- in the control valves exhibited no failure at 5 x 10 9 ergs g-I (C).

hi'e additlio, of mineral fillers increases the radiation stability of polyesters by

approximately 100-fold. Bopp and Sislnau( )76) found that the physical. properties of

Plaskon Alkvd. a mineral-filled polyester, began to deteriorate at a radiation dose of

8.6 x 109 -ergs - I (C), Pi compared to 107 or 108 Args g-I (C) for unfilled poTyestvrs.

Deterioration by •5 per cent was attained at a dose of 3.9 x 1011 ergs g-I (C), after

which properties decreased rapidly.

Polyester laminates show Huod radiation stability. Johnson and Sicilio( 8 0 ) irra-

diated several types of glass fiber-polyester laminates used in aircraft construction to
a total exposure dose of approximately 2. 4 x 109 ergs g- I (C) (6 x 10 4 fast n cm- Z,
6 x j013 (nvo)t, and 5 x 1016 gamma photons/cmz). No major changes in the physical
properties of the laminates were found after this exposure.

Keller( 9 ), in an effort to determine threshold damage for laminates, irradiated a
polyester and a heat-resistant (TAC) polyester to 8.3 x 1011 args g- 1 (C). When irra-

diated at room temperature the TAC polyester reaching threshold damage between
8. 3 x 1010 and Z. 49 x 1011 Irgs g"I (C) was less resistant to radiation than the regularly
cured polyester which x'uached threshold damage between 2.49 x 1011 and 8.3 x 1 0 11 ez.gs

g- 1 (C) (see Table 19). These laminates were not Irradiated at elavaiel toreperatures.

Silicone Roeins. Sdlicone resins, used for laminates, coatings, and lnuulating

matorials, are nut swriouoly dngraded at exposure d.,ses to 109 or 1010 oirgs g'" 1 (C) and,
with the proper filler, are satinfactory to 1011 ergs g- I (C). Dielectric propertio#4 itre

oztly slightly lowetred at the latter exposure.

Tho stability of aliphatic polyniloxmacm to ridljtio•n is below that of polystyrene and
polyothylehe and similar to that of thU polyotiido, 01) The prtimence ot plahiyl groiips in
0t40 UitlicUn Llhait llttnroamum rauiation wtability, whilo thu iprvsence of methyl groups in-
creavt, Llexfloxility. Silicone resins generally have a high phonyl content and are reason-
ably good with respmct to iat 'atlon resistance, Silicone fluids are leme roesiitant to radia-
tion than thu rusins. Again, Jue prtmokncc of the phonyl group Ihtiprovue the radiation

runistaUntc' of the fluid, Phe-nylrmothyl silicone fluids and mothyl-hydrogen dilicone flulds

are more radiation resistant than the dlnmethyl silicone fluiju. (79) IFigre 15 shows the
radiation utabiity of several typojs of silicone conipoumnds.

Silicone polymers initially cronalnk when irradiateid, A,; a cornfirmnation of the
roeistance of phcttyl- cuiktainiduBt silicone, high polymnrs to radiation crouslinking, it may
be noted that a phonylnzethylpolysiloxane subjected to 1.86 x 1010 ergb g- I (C) was crossl-

lir1ke,i to about thw saitme extent ao a diniothylpolySlluxane bt a dose of

109 erga g-I (C) (146)

Glans laminates fabricated with silicone rea.ns Show exceCptionally good radiation
resistance. They reach a threshold of degradation when exposed to gamrnia- radiation
dos.!s to IuIl erga g- I (G). (9) Phonolic resin laminates modificd with 11ilicones show

even better resistance to radiation.



UNo significont f tffect

0 om effectst. but often usable

17 .imited opplicalions

CPimethyl silicone fluids

Phsnylmethyl silicone fluids

Silicone compounds U:
Silicone tubber
Gloss -reinforced silicone ilo

Absorbed Dose, eryig- 1 IA-,,654

FICURfE 15. RAPLATION XESISTANCIý OF SIL~ICONES(" 0 )

K~eliur( 9 ) detarrni1ned the thraouhuld of deUgadatiun, caused by Sun-Inia radiatiorl fox-
milico-n6-glftse fibtr reiniforced Jalaixaatoe4 arid otudied the combined oialeca.t of heat and
radiation on Lhasa 'iarninatoo. A~t v~wiji teniperature,, oiliconu lairdnates reach threshold

davtiti~go at i~butt 1011 orgs S' I (C). V!owfivor, twim~ill strength donm not drop off until
Z. X~ x01 Ioutril &-I (C).

Tito coinbinution of heat and radiatlion w;Aw s a niort' dvritriaontal. than hertt alotnao to
theatt '"xaidiiatoo, #,vtp mt Oisi highest expoutcro cluoo I H. 3 x 10~ ()rgu M - I(C) I. (SU,
Tale~ 19. ) LjinviijAates expomed to 4. 4 x I U9 ergu g- (C) at 500 Fr had ;P, flexur~al ktrwigth
oiLly abuti' I 5 per cant losm than that of I rniknatca CuXioaied W~ 500 F witb) r) !ýrt'adiutiulk,

Il.however, lleixural otrongth uf the lurniinutes expusrid to~ IeAt alune dutcrotioud to kt'wd-oi
niatcily 4Z per' cent of (Jir o~riginail value.

A xullicon'- glootor cloth Ian-iriate nXintwo if, Ft 11s111 flux of 1, j ). 101 photonsi
V111 ý 110C I for a porlov1 of :3 i-toritki muffiored neithor colur nor diniainsional chlingem.
Anounaibi asi average photon onergy of I Muv, 0-ioL is it dobitu of iahult. 5 x 1010 or au g- I
(C). 1uwe'vor, its itsl±iouatiot reastlinco jinaapuid troaji 14) .... to' i algota j ~7

Aubewiton- siliconie laminateau have beeon tcoted at ruoom tentperattilrp -;aaad havu Whwwn

Ito appa ront. change in prope rtico to t an abso rhad dose. of 1. 1 to Z' 0 X. 10 1 )ergt 9-

(I. I to .4. 0 x 1083 radu). (77) At 6 x 1010 ergm g- (6 X 106 radas) , ter mjilt! tI.treoith Inl-
c ro bed 10 pet, cent, shea r strvuagth dccrea sod .' pri (!(,r'lit, ha rdunkis inc rc!ame404 pe
c ont, and specifi c gravity inc reaued 5 per cenit, whaili.: the g;i.I3 evolvedc LatroufltLd to

7 vix/g.

A new (4xtrCXon-wteniporatu re u iiicolze Cnc~apblalat " sad, ill iiihIe duvolopmnlent ritag(c
i8 reported to have good radiation r~esistance (8pecit ic di.~ta jrie ,(.t giveI). ( 170) The

rnaterial, de signiated as Dow Corning R-751~ re4 ira, i8 ;I a (lvciltless nj i1icuone re din con1-
pounllda.~d with all intorgaoi filte1~r . Owving to its ext ( iiunat radi~atijon, VC 41,t~antcv, tbi, Inan,-

te -ia is, belIieved to be saiitab I fot I- is t, If4 ri,)ttI's , (I trots P1, it nId oth er du4-vict. L4 dlcigatIeýd
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for use with nuclear reitort'.Radiatto'-resitO nc studies have 610 1 this filled si.

to be essetil ally unaffet ted, both physically and electrically, by doses, as high As

1. 8 x 10 1 erg's (C) (., 000 megarads),oh Silar radiation rcv iat.a,:u id e> xpec ted of

,irconijin ortdhoeilicate-filled silicone resin.

Altho),gh little, if any, difficulty with this new mnaterial is cxpecied for most con--

mercid applications, the extrerne thermal- shock reqtil eihjtt s of 01 .t.iLfi,:,i.A:t,- triny

limit it, use in airborne and )rdnance cquipi:nent.

Fur most applicationvi, irradiation up to 9. 1 x 1010 ergs g- (C) (1,000 niegartds)
has no appreciable cifect on the major properties of the silica-filled R-7521 resin. How-

ever, several effects were niotedi. The- color was slightly darkened, and rapid-rifm
electric strength wau increased by irradiation froici 4. 5 x 1010 to 9. 1 x 1010 ergs g-i
(C) (500 to 1,000 megarads), low-frequency diiripation factor wiis increatled olightly,
dielectric constant was increaged very slightly, moisture resistance was d~c reased on
the surface, are-resistanac meatuwernents becarme inore consistnt and were low in
value, and dielectric losses during irradiation were large and were a strong function of
the dose rate.

Dow Corning 301 ii-olding cumpuund was irradiated at the Nui.loar Aircraft

Rcica'•'i Vacility at Convair at ambient temperature.(17) Table 70 vhows that tensile
strength apparently increased at all flux Levols, compresvive dtronj~th showed no approci.-
able chanige, and water absorption doubled at the highotit duse,

'..AB L1I 70. EJ"FI.CTS OF RADIATION ON DOW CORNING 301 MOLDINU COMPOUND. 1/)

W otto r

Absorlition
'ltx en TC11( e Conilp re osivt After Z4-11htr

Glutkina, Neutr on, Streulgth, St -eingit, 11111rnic 1o ion,
(ropi er " W -I (c) n 11) 1l1 1 ,vr celit

Cont ruli 1196 10,700 0, 113
I x 107 9.9W, Il, 0101
it s. 5 , 10x 9.9 x 101i 0. 1ZI9
IlI '. x x 10o' 9.9 x 10'14 0. ýJ3
IV 6.0 L lo0 4.3 x 101? 1408 10,9)00
V Z.8 x 108 Z. t x 103' 1670 10,400
V1 Z.8 x 109 Z. 6 x 101'I 13Z3 11,300VIIa U Z8 x 10H ;!-. 6 x iU13 1571

VIU(a) z,8 x 108 Z.6 x 1013 1309

(a) Atl I •,,roiips were irradiatctxl Iat A ilhl(11 tU h ra ll lIlre with filke CX•e10p 'h f I, Iiip VII aiilj nro-up VIII which wur I niuttilli d ( at
-CP5 P sid 4100 F. repceilvtly,

.V-l- tirae l4. eii.iAn. I.'Ptrane reuins, consiistilng of furfural-plhenol and furfu-yl idloho|,-

dirnethylol lyp.n, are heat- and corrosion-resiistant therrnosetting plastice. These

retamis are brittle, however, and their applications are usually limited to special niolding
compounds, adhesives, and coatints.



TheC 01nlY -ýt IUSi s o far i- tAod 011 theSe re S innf a i`e tha a c .t)f 13)I op ad i1n n (3
The y rcpoi. that Ourlalon (I urano w itY a.,1e sto s and catrbuii- black fileri, otamutfac toed by
tiuc U. S.~ mewarue C m-upaiay) chan ged vcery little in properties up to at radiation expo-

stir )ve 10 crgis g- (C),

Amniilv Re sins. Amino reusins (urea, fornma ide~hyde, mulaminiri fo rnaldiehyde, and
aniline forzmaldchydc) are thcmrzosctting rcsina used it alhockproof laminates, wiring
devic#ýs, acdhit.;ives, and surface coating f o riulatLions. Becauise of their electrical-.
.insulation properties, they are used in eLectronic etquipi-nont and in aircraft ignition
parts.

Urca forrmaldehyde resins are, in general, about average for plamtlcs in radiation
u~ist;-ncc. Such plauti~a arc unaffuctcd by radiation dowes up to 8. 3 x 1V8 ergs g- (C)

avid are damnaged by 25 per cont. at a dose of 5. 1 x 109 ergs g- (C).

Melaminaj LWrmaldehyde plastics are slightly more radiatien resistatnt than are the
urea formaldehyde .`ypes, being unaffected up to a dose of 7. 4 x 108 args g- I (C) and
damnaged by 25 per ceunt at a dose of 1. 1 x 1010 orgA. U- (C). U rna- and muclailnino-
forrn-aldehydai reuoms, when filled with cellulosic materials, becomne brittle, bliator,
swell, antd crumble upon expotsuro to gamma radiation. (5)

Pulyaniline formaldehydo, at 1bI'atw pojlymur whichi ia MjitU rally th~ taapiuj).tnii, i-P
botter rumistancuo to radiation than the above two typed of plavitics In #411 pxooiertiLýO
uxcupt Impact mtrnagt~. The impiact istrunjth of this pluasti im tunaffoeted at 7, 4 w 107 orgs

CI(C) iAnd 'damaged by Z5 per cent at a dume of 1. 4 x 109 orgm g- (C). 13ecattee of its
poor utubilfty with respact to irtapact witd~gltia, pulyatwilxue fornizaldehyde Im rated Lbelow
urusm tornim.14olaydo in rAdlrttimi Ptability. F"or apiplicatiunim wheru impact strength io nut
irmip(Jrtmiat, it would be eunliidilred -- i having oxc ullwnt rodlution gtability. I lowvor, OD4a

(Af pcalymsIniti ate h caaldolmytift iN 11I a a itql 1041cmtkia of IWO pouar hoat r e ii uUt ne .

Styreno__1-'ol yrnerh And Gupolyiiwk-m . Fronta tht, tandmpuint (if chunge in physicaml
propertiuu and hydrogon evaolutliun durinag irradiation, paolyutyraaime is onet( of the ime Ast
wetah~e of itli higha polymuer8. 'Ihit titabulty iti believotd due to the dissipation of tht: radiin-
tion energy of thu benzanu- rirg titructure,

Polystyrenec exhibits threshold degradatioa. at 101 c rgs g- (C) and 25 jier cont
damage at grenter than 4 x 1011 erg/ ty-l (C). Inufra rc- opucirtri reveal. tho't vxponrai c
dosies of 10 1t I ergs g- (C;) are r~iqazired in a vacuum to prduc,, significant upectral
uclmtlngt. (614) Am exposure dose of 101Z ergs g- (10") rads) appears to start a wholesale!
dibsritpt ion of thme nulystyrene trlee ul e.

Oxidat ion plays little or no part in the radi~ati ni dain a g of polysHtyrene, H-owevotr,
tin cc is a po mtilira timtiorm Oxidation uffe et which Ct~utt mUV. R) ri iatL leabt 213 dajys. (I7 1) it i'3
believcd' that this is due, in pa rt, to the fo.-nia~tion? of frue radic a s durinig irr,.adiation.
I'livrem armt! imudieati onl 'hi tI; his oxygen1 Cornles fr-ecu 11 melec-ii nOt xygerm inl air mnd riot from

%,;1301. M()~) Trhis is r-Aiown by thfu fact that !.Ityieabsorbing 3. 5 x 101 1 ec*gs
- (3. 10' I iads) iii thc Oatk Ridge graph~itc ru~mtctor showed fiat- grLAtuC'01 ;MIand C=O

bond 111tvus it ies a ftcr expocurcu to an cm tilios1 ,iv of ut xygun for 14 days thian itzer
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exp,.VurC to saurated wal r vapor for Ohc stoe. L.ungth o5. time. Also, thc O] abbo rtiou

in rolystyruvie ruceivug an absorbee dose of 1013 ergs g- 1 (1011 rads) was not "-!S!;0ce cd
by the a-unplc rumaina`ig in a vacon;t of 0. 2- 1m1ic foc (ov 4 days.

Varkbison arid Binder al so studied the postirradiation oxidative effects on poly-,
stvrene. Samples which had reI eived doses of 1.8 x 1011 L.Vgs g- (C) (Z X 109 rads) or
more oxidii•.cd to hydroxyl and carbonyl products oa expusure to air. (72) The rate of
oxidotionx appcarcd to , deuputdant un thc dose- The molecular weight of irradiated
poly$LyZ-Lne stored at room temperature in k vacuum did not change appreciably for
periode up to ZOO houro if the radiation dose was below that required for gelation.

Charlesby reported that gelation begins at the equivalent of 1. L5 x 1010 eras g-I (C) (a
slow-neutron flux of 0.5 m 10 17 n cm2) (173).

. Polystyreno retains its optical properties better than Plexiglas or glass under
ionizing radiations. (174)

'rhe radiation stability of styrene copolymers is genernlly poorer than that of the
styrene polymor itself. For example, S.BR (GR-S), a copolymeor of styrend and butadi-
ene is loes resistant to radiation than polystyrene. Also, . high- impact- strength
p lystyrene, when irradiated, lost its impact strength rapidly until it was, no better than

the unmodified polystyrene, ahowhing that the modifyiag agent was affected rather than the
polystyrene.

1,,radlation of poly-alpha-methylutyrono was carried out by Uih Naval Research
A~aboratory. Their results show thU chainj r,..isslon and g•rowth of unsatU:ratiun occurs
(sm,, Table A-86). (175) A later study( 1 7 6 ) iidik.AtLd tlat the unsaturation did not reside
in the polymer niulecule itmelf bat that it took ptact, in thme low-mu icular-wvijt. coam.-
poli,0eat (1000 or I o.o), which cuonld be extracted from the pollymuar ini it boizonii Holutimx.

1adiatont-induced poIlynmiamzation orf mlaha- zouU'yleiLy runo Wasu exambied by llhrohti
and, co-workersj at the Uiivervity of Osak80. ( .0) They la0irned that, at dUses uf
5, 3 x 10t4 oars I' " 1 ((;) (6 x 106 rOucLttj.n), c;arbons tutrahhluridu additivs it outtler rated

Uhe I,,uyymarizat •on, ittailhIiualutei retarded It, a41d ortho- (LLd lit ra in',oquinont Inhibitud
it siullest u'llmilletoely.

Pulyvny.'1 Carbarwle. Prolyvitiyl ,iarbazo,lt' i one of t)m aiore radiatiuni-ru-uitant
nonfillud plastics. It has a threshold-daniage dose of 8. 8 x 109 urgu g" I (C) and is darn-
aged by !5 per ce:nt at aikhow 4. 4 x 1011 vu'g8 'g- I (C). (I 13) It ii sozewhbat affected ljy a
radiation dose lower than that for polystyrene, but both are damaged by Z5 per cent at
ebuut the sarape dose. HIow.Iewr, the carbazuol reuin it brittle and its applications arc',
thrcrefore, limited.

c.,quivall,, t to uuiyetlylehc in its
radiatit,, stability. Its properties ) igin to change at a radiation doea' of 1. 9 3C 109 crt
g (C), while it is damaged by ZS per cent at a dose of 1. 1 x 1010 ergs g-I (C). Ten-
ciil(: .1reuxgth of PVC is not affected until it is given a radiaticn dose high,_!r than th;it
which affects polyethylhne., loweve r, the tensil, strcngth of polyethylene first incrceases
anzid thrin dec rea tor. PVC deccrea ses more. rapidly than polyethylene in tensilc atrength,
buit its elouigaiion, doe' ant decrease8C as rapidly as that of polyethylene.
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lHarrington aod Gibz±rson(?0 ) report that no HGI was found ini mass-spectronictur
analyses of polyvinyl chloride. This material was irradiated to 5 x 108 ergs g-1 (c).
Bopp and •isman(76' reported LCI as one of the irradiation products, although perhaps
the IJC1 was evolvd at higher dosages. The liberation of hydrogen chloride when PVC
is irradiated makes this material unsuitable for many applications in a nuclear
envirorntiit,

A polyvinyi c"iloride compound, Geon 20.46, was found to beI stable to nuclear radi-
ation to an absorbed done of 1.9 x 109 ergs g- 1, and changed by Z5 per ccat a.
1. 1 x 10'0 ergR g- . (69) Harrington and Giberson(2 0 ) report two additional Geon corn-
pounds, 8630 and 8640, to have somewhat lower radiation stability. These compounds
show a radiation-sensitlve threshold at an exposure doso of less than 4.4 x 108 erj g- I

(C) (5 x 106 roentgens) and 25 per cent damage at approximately 4. i x 109 crgs g- (C)
N lo7 roentgitns). T!ase variations unay b4 due pri-nariily to saikiplo thiknes-i. The

material reported in REMC Report No. j(69) was 80 mil, while the materials reported by
Harrington and Giberson(2 0 ) were 4 *a%. 40 ,niO . Table 71* lists the changes in elonga-
tion and tenasle strength found, by Harrington and Giberson.

TALE, '7li, CIIANGE IN PiYSICAL PROPIiYItTIL OP PtLI'VINY L IL).'!)1,t [IL 'fO 0UI A IIATION(20•

-.. .. . Ep meDo T,, : ,,.l r ishle irortgj•:h •

(eoii hIOJ0 (I ) '24• 25551L

(0.,004 It.) 4.4 X I0H O) -•0. ' -':. C8. 't ,• 10• 10 5':.,•,U .
4.4 x 109 0 "0 - U,

.'7 X 109 100 -3. I -:h1.6

(0.0ko ,.') 4.4 x IV0 A 4.0 -6.7
U ., X lull 10 4,U -0,2

,, X lull 60 ;,' -10.
11. '7 x 1011 1600 ''d (,

tho0l P'040 0 :M1C0
(0.004 Lo.) /.4 X 108  1 -j,,

8. 7 X 10 0 - -28, 1,I, 4 X II0I! lo -b ,t-44.4
8,"1 X 1,0(jl ,6,' -42, B.

8, x X0 100t-V(a) -c'. 1 -22.4

tGeomi 81;40 0 U 326 W,0
(0.020 In.) 4,.S X 108 5 "-,:; -5. 1

Ui, X 108 10 .rI* l

i,/ 7 0I 1,[ -Xin, ; -31.2

(a) Irradiatied in v.tCeuu.

The breaking strength, breaking elongation, viscosity, and therinal shrinkage [or
sannpies of polyvinyl chloride suhjectted to j;,tniua irradiation in vacuum at 0 to
Z. 6 x 109 ergoi g I (C) (0 to 3 x 107 rocntgens) were- studied by Takayanagi itdd co-
workers at YF yusho Univernlity(178). they found tbat the brea king strength d(ICitF'rM(!d With
inc r,-isxig r.'di',tion. Breaking elongations wete utot .,,ted. The degroe of polyiner-
ivation estirrnatcei frw visr oil. hy "nca S•rHilrt:icitt dcicrca ;sod with irradiation at lower

ille lt I' Ia a dl l a t, oi l'I!)!" l. I ! !" c~lv {:; ' l el'" ýlt~ I' I -" I "d 1 L ';, tIH hOM 'I I l ý V 11 lltiI ri, ,I i• O IIl r jl.,I ii w :ilD i I' Ic ,t.



doses, Whi e. it sn1owed a Lende~ney to rise at highier do ses a gain. Tho irradifition effects
on the rmal shrinka ge becaire iarkedly visible only _t higher temperature~s.

Studies of the coloration of three types of polyvinyl. chiuride films irradiated aL.
13.8 xjQ7to ?. x o9  rgrg () (,()6 to 3 x 107 roenitgeiis) in air showed that the pure

filmn gradually darkened at room ternperaturc( i79). The rate of coloration increased at
higher teliiperatures. Toi filmsi containing stabilizers, the noted color change was
greater than for those with no stabilizor. .l~'il containing a plasticizer had an absorp-
tion Lipectrutm 61rniiar to that meavurcd for the otheor two specimens, but in this easie,
t~he absorption did not reachi a lim-iting value by heat t~reatmenet.

Data on the mechanism of radiation degradation of polyvinyl chloride ar'e con-
tradictory. Mck'edn~eb of Dow Cheni' -it repo'rted t~hat polymer& containing halogens,
such as polyvinyl chloride, tend to degrade(1 8 0 ), while Miller of General Electric re-
ported that crobulinlking occurs, reaulting~ iii a fiexiide, vu'lcanized product with no
noticeablie decompobition or loss in heat-aging characteristice(IB I). Miller uised
Gcun 101, cunitaining Flexol DOP, dibasiiC lead phthalato (Dythal) stabilizer, pulyeothyl-
envglycrol, dimethacz'ylate (monomner MG- Iadditive, and Vulcan-9 filler. Dovea ranged
fromi approximately 8. 7 x 106 to 1,1 c, 10jp ergo g- (C) (0. I to ý.O megaroentgen 0). No
-ipecific data were Siven in the Mick~edries report. An explanatiun for this apparont con-
flict in data may be found in tho work of Wippler of Cie Saint Gobainl, Antony, France,
who roported that ir~radiation of pure polyvinyl chloride powder with it cobalt-6O mource
,reualted In th~e occurrence of both dogradation rind .crotislinldng. (18Z) 1I'It prclisunco or
abouence of air appears4 to riioturmniirn to it grortt extent which mocbantamn is prudomiinant.

Sakkiradit and c o- werke ris at Osaka Laboratories attempted graft copolymnerizat ion
of Utyralle to poly vinyl. iilcohol iladuc ed by gaimiaaa radiation. (183) Graft cupolyainuro wvre
obtabled With polyvinlyl ahohohl fj~n? LU cntainling w1ore- thI&&n ýi pe01 C0ot 11bsOr-bed WiLe.,
when they were otuspoded iii tityrunti aiid with dry films of the a] cholu auopended in ;A
11lixture of utyrone, kcotiiiw, and water. Only Jimnopolyiurij ra teuutid when dry films
ol polyvittyl ItId coha ,1 we lk- fined ti uityvcr134) alone. Vl-oy vinyl ralcohol, w1.14-4) belongtii
to tha ao- cuILcd do ri~tdUtiora- typo polymint:r, canl he crowatiliaiked whork irradiated iii the
3,rotejt:Q uleuo wjatr., (,4) Sit, (of (haims Univvi' sity, Ti*kyo, ututita that the actuat resutt~
is undlinkinj4 iinstead of crvron lhiking. (1 W, )

Pl-oytithylenia. l'ulyothylOmIL4 Iw unafftictod toy rakdiatiotn to abuorbed doue (if
1. 9; x 10V ergs g- I and iacurueut Z5 por colit da'aaagu at. 9. 1 x 10') orgo g- 1. P~) Tckauilio
Ptrength hicreiases at first, butt at approximnattely 1. 1 x 1010 orgti g- (G), it bugitib to
dcc ruast' and is Z's per C ota lowor flioni the inlitial valuU at afipp'Ui1Timatt'ly 101Z v rgs
9_ 1 (u).

I larrijngton and Gllboruon('ý0 ) oboerved a soinewhat lower threshold valluc for poy-Y
etLhyl -mn wheni they ii radiate-d i , 5, 10, arod I 5-mnil filmsu of polynithyl etio. No miajor
differences iii tho r'adiationi resistanceu of tdheae filmsn wceiv. notced. All showed a coinsid-
e rable change in prope rtie ai betw c-i 4, 4 x 10 Oe rg S g- 1 (C) (S~ x 10 r6 oetitgevis) and
8. 7 x 08 ergo g- (C) (10? rocialgeun). The I 5-mul filnms showcd a greater increase, in
tens ilrŽ 'ate ngtib at lower do se tiithan did the thinner 6ilms.

1'oiyeth ylejn Is subjecct to ox adatoion when irradia ted. fbi s ito one reason that thin
f ilns are degraided at tow'er raLdiationl doties than thicker film s,.4 I lowcuvea pot ye Ihyltene1
S11cowX' very HUIttl postitiaadiatiwi oxidation. (68) Sanmples8 irradiated. by cobalt- Go to an
VXTO Soire dose ef 6. Z -, 10 or gs g-(C did not undnergo oxidi. Lion after i -rad1i;atin.
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Fhe softe~ning point. of polyethylene increases~ on irradiation With doses below-
109~ ergs g- 1 (C). Me ikit_ and G rahamn( 186) prodcjed(.( ;) higier Ietig (:i .iiaetiI by
sib iecting a standard grade ýif polyethylene to an ele~ctroi- beamn generator. rhe. irra--

diated matc'ria.l operated as wire and cable insulaiion continuously at 150 G, for ex-
tended periods at 9'00 G, arid for a few hours at 300 C. However, Cha rlusby( 1 8' 7 ) pointed
o,-.t that, at higherv Yadiation doses, polyethylene becoines a flexible, rubberliiiý material
and, withi concinund radiation, it becoinuix a uruvainkaud iii~:4-ral wuIlch iv oLvnewhat

brittle and cheesy.

Harrhis~ton('88) tested oev eral comnme rcial polyethylenesa, come containing carbon
black, for radiation stability. Those materials containing carbon black and RAn arjtluxi-
dant appajrnntly had slightly better radiation stability than the otandard polyethylene with
respect to tensile strength hut not with respect to elongation.

High- deisity polyethyle~ne is much more crystallin-e than the low- density type, anci,
therefore, Its radiation stability may be expected to be diff~erent. Harrington and
Giberson(1 t O) ntata that a high,-density polyethylene (Marlex) is very susceptible to radia-
tion damage and 'detericrates at low exposures. The crossilinItzing ability of Marlex Its
greatly reduced, as shown by the decrease in tensile ritrength at low exposure doses.
Marlex is about 95 por cent crystalline and has a density of 0. 960. A Z-rail film via-
extremely brittle and criunibly after 4. 4 x 109 ergo Rq (C) (5 x 107 roentg~enh). Even at
4. 4 % 108 ergej g ,l (C) (5 .4 106 roentgons), elongation had decreased by 9Z per cent and
tonsile strength had ducic ised by 12 pmr cent. Ti-wo-qver, inl thicker filmaj, Marlex
behaves more like the lower density r-lye4.bylene. Table 1ii showns the chango in elonga-
Lion and tbnpLle strength withi increauing radiation exposure tor low- and high..derisity
pulyet~hylezke.

A high-denmity inwtotrial, Supax, Dylan, increased in tanalle strength, ducroahsed ill
ulonigation, and becamne brittle with exposure do1ses up to 7, 8 x 109 ergo g- (C). (In the
bulsis ci' these data, it appearts that the high-density mnatrial in slightly lylore rcoiii'tiut
than tdhe ltandard polyeithylunc, but not, to the extent that it would be more melvicuaIdtu.

The114U. SJ. Rubber Companry Research Center has at~totiirtd the ini";orporation of
gLraftud pittym&orn and metals into polyethyLone in an effort to irnpraov iI.tmtaur
prupartivs( 1 89 ). E~xperimnents have bueen ,klde to establish methods of grafting and to
gain insight Into the proportiot; of the rosulting polymers for oitab~lshing inuru defini~t.
routos of invei~tigatitun. The n-ost promnising route found, to date, has buen to incorpme-
ktte fillers into the lcoiyqoorii, followtid by grafting and curing eltho-A by rutdiatiun ur chum.-
1,-al means. Rafflutioci of sarmplav contailning oxides definitely showo sorre interacticrn
betweeon the filler and thc polyethylcine. Valuxes of zero- strength temperature as high aso
350O C (660 F) have been reached, indicating tsome degree of stability in the vicinity of
th: tcwtperaturve Zrnro- strength teniperattire Is the temperature, at which the material
1 )iuot all tuasile atreiigth& and is thus an appruxitinate nicat5ureinuril (f the multing point.
SdtlpteeUI of the polyethylene, containing metal oxides were alsr- irradiated and subse-
quently jyrafted with, a mixture of styrene and rnethac rylic acid. Thes.e grafte~d pjolyrvers
gave a highur zero- strungth ternperature (660 F.) than did the ungrafted.

PolyvinyL lP'orinal. Polyvinyl forniai , us;ed as an adhesive and in wir i nod ealhLv
p11plicationn ' is; Hiimi I r to pulyvinyl butyrat in its prcope rte land. applications. 11ow-

ever , its , a diatioii rcc itanc e is be ii'.r 'han that of thmi 11 buty ra 1, and sli ght ~y poo re thani
that of PVC. Its thre ichoid- dainuigc do i.. is I. t'. X 10 rgs P,(C anld ?5S pe cent

(Ono 'ciciirs at a, dioe oif 1. I0U vrý c i ,- I (c). (76, 1 13)ý
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_-ol inylidene Chl~uride. The rachation stability el polyvinylideao chloride (Saran)
is between that of polyvinyl .for7al and polyvinyl butyral. It i8 approxirnately equal to

that of ura £ormaldehdye and is about average for plastics. The threshold damage dose
is 4. 1 x 108 ergs g-I (C), and 25 per cent damage occurs at 4. 5 x 109 ergs g-I (C).
Saran softens, blacken(9 sa oIves hydrogen chloride, and deLreases in tensile strength
when irradiated. ( 190)

Polycarboxate. PolycarbonaLu ruSin is a light-namber, transparent thevn-npla stic-
type molding resix& which has high impact strength, excellent dimensional stability, good
electrical properties, and goo-. heat resistance. It can be used continuously at vernpeara-
Lures up to Z75 F and for short-tirne operation to Z85 or 300 F. The commercial resins
have the structural unit [-OC6 Hi4 C(CH 3 )4C 6 H4 0CO-I and are the first commercially use-
jul thermoplastic materials which incorporate the carbonate unit an an integral part of
the main polymer chains, They are pvesently being usod for coli fornai, gears, cam',
bushings, bearings, housing for business machines, and electrical apparatus. Other
possibilities include lenses and instrument windows,

Harrington and Giberson(2 0 ) Irradiated polycarbonato filnm (Lexan and Macrofol),
The reaults were diucusued previously in the section on films.

FluUrooth yleno Polor s. Fluoroethylene pol ccursi, Letralflut ruathylene (Teflon),
and ilkonochloro~irliluoroethylunei (Kcl.-r, fllnrothcnc, polyfluoron, and others) are
w'dely used bi seals, gaskets, arid cloctricdl 4qiupment where high temperature and
corrosion ressitanca are the requirements. Theue types of plastics are readily suacep-
tible to radiation d~niaga, 'Mh presence of chlorine in XeI-F, with its large capture
cross acution, makes it particularly sunceptible to damage by slow neutrons. (191)
Flu.rlnttud niaterials do inot ei'osulink, but, instead, the fluorine atom is liberated and
reacts tu break a cubon-tu-carbon buaud, which contributes to the poor resistancu of
flnorcoelhylene polymorj to radiation.

Generally, the radiation chemistry of fLuorouarbons can be related to the changes
obscrvnd in the physical and mechanical properties of the irradiated polymer. (19Z) The
rapid dugradation of polytetrk Ruoroethylene by Ionizing radiation can be attributed
chiefly to the prevalence of main chain scission by liberated fluorine atorns and th, pro-
ductiLe of entrapped fluorocarbon gasses.

Posaibilites for improving the radiatioi, resistance of fluorocarbon polyer, r in-
clude duvelvphlig atyrene-typo structures and incorporating tluorine-atom scavwngers in
the rnoleculc, e. g., hydrogen or trifluorometlhyl radicals.

Collins and Calkins\ 13) reported threshold damage for Teflon as 1. 7 x 106' ergH
1-1 and Z5 per cent damage aa 3. 4 x 106 ergs g- 1 (3. 7 x 104 reds).

AccordLng to HFarrington( 18 8 ) tensile strength of Teflon docreas by 40 per cent
after a dobage of 3 x 108 crgs g-l (C), while the elongation decreases by 93 per cent;
Teflon becoment very brittle and crumbly.

Teflon lih,. bten irradiated under various environmental conditions at Inland Test-
ing Laboraturies( 17). It has been irradiated at -6S F, 73 F, and 350 F to a total gamma
expo)sure of 2. 6 x 10r7 ,rgs g- I (C). Exposure was madzŽ in atmospheres of air and
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ni tr oge. The conc1As iont reacimd was that the initial decrease in tensile strength was a

function of the irradiation and testing temperature. For irradtiations and tests at both

73 and :350 F, thý: tensile strength decreased to between 40 and 60 per cent of the origiral
values at the exposure dose, 2. 6 x 107 ergs g- I (C). At -65 F, the effect of irradiation
v.as negligiblh at the same radiation exposure. Elongation also depended on the irradia-
tion do, e and th, test temperature. At 350 F, el.•ngation waR 15 to 20 per cent of the
control values. At 73 F, it was 40 to 60 per cent of the control values. Teflon irradi-.
ated in nitrogen at 350 F maintained a higher tensile stre2ngth and elongation than when
irradi, .td in air at the samne tomperature. This increase in stability was not noted at
73 F.

Measurornents of several dielectric properties of Teflon were made before, during,
and after gamnka irradiation by Loy of The Martin Company at Baltimore. (193) Post-
irr diation measurements of the dielectric constant of apecimen- ranging in thickness
from 3 to 1Z5-mil showed no significant change after irradiation to a dose of
5. 0 x 109 erg, -- I (C) (5. 7 :. .1 7 roontgens). The volume resistivity of specimens ir-
radiated at dose rates ranging from 2. 6 x 104 to 1. 6 x 107 crga g- I (C) hr' 1 (3 x 102
roentgens hr- I to 1. 85 x 105 roentgens hr- 1) decreased very rapidly during irradiation.
After approximately ?0 hours, resistivity reached a constant value whi:h was a factor of
103 below the preirradliation value. It increased after removal from tha irradiation field.
Results hIdicate that resistivity varies inversely with dose rate and specimen thickness.
Postirradiation values of resistivity are dopendent un the done whic:h the specimen
recuived.

Guneral .ectric Company( 10 1) has found that Teflon, when Irnnmersed in a jet
turbine oil [ MIL-7808 (a sebacate ester) , r•hows Implrovved stability to radiation.
Table 7Z shown the property chanties of thiv material when irradiated in air, and In jet
turbine oil at 400 F.

TAMLE 7Z. PR'It E'I"i GIIANUiES tN A /FLUORMNA'I'LD IJOLYMEk4
IgllADIA'1hD IN AIR, ARGUN., ANV.' JE1' TURBI.NE
OIL AT 4OU Y BY GUHIAL1T,,60(ioi)

Physical Prol 1rti10
'lonsilo

Radiatilu Mom.!, ýtArngith F .Io1,gatotok, larkdbu t us,
lMalu izih&ia) E;nvirunmwlut erg sg• ((5) psi per tcteat Shus'a

Air ) Z435 23,4 97.5

Air 4,j, x 107 134, 0 97.6

Air ,1. × x 1 616 0 97.8

"Mil L-.71)M Oil(c) 7 10' 14" 3 97

" Mi-1,-L 7808 eli(i ) 8. -1 11)7 1 3.t 4. 6 07.,H

"Mil-L-7808 Oil(0 8.7 .1 10 8 8 04( 98. 8

0 ) '!11 ---1 - .2 2 2 2. • 2 & • =2_ _. .? • 2.. . -• . : . :• . -2"2 - -•. . . ... . • : --. 2 7_- -'- 2
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TesLa to determine the suitability of Teflon for flexible connector applit.OtiOIlS

were made by Cooke at General Electric. (194) A Teflon tube was enclosed in a stainless

steel wirebraid shcauh and nx ,:Icd to 4oeer of 8e 8 x 1.06 to 0 6 7 ergs g" I (C • (I to

3 x 105 roentgens). ia t0,h tests Fluorofiex Teflon was found to be both stronger and

more Itlexible than the ordinary white variety. After exposure. to 8. 8 x 1U7 orgo g- (C)

(106 roeItgcns), the tensile strength wac approximately equol to that of the unirradiated

white material. Failure of the conn.citu was due to streis corrosion of the stainless

steel bra-d caused in part by adsorption of FiV, from the Teflon, on the outer surface of

the steel thimble where the Teflon had been tightly pressed into the corrugations to give

a hermetic seal.

Kel-F which was not plasticized, was subje~ted to 6 x 1014 fast n cmryt
6 x W1i3 (nVo)t, and 5 x 1016 gamna photons ctn- (80) This sexpuoure represents a

total exposure dose of approximately 2.4 x 109 ergo g'- (C), At this exposure dose, the

ultimate tensile strength of Kel-F was not changed, Elongation increased 47 per cent,

and impact strength decreased 16 per cent. Table 73 gives the values before and after

irradiation. Theae compare with the radiation stability of Kel-F as reported by Bopp

and Sisman and as given in REIC Report No, 3(69) in which threshold damage is reported

as 1. 3 x 108 ergs g- I and 25 per cent damage is given as Z x 109 ergs S-.

TABLY, ". EPPECT Or MRATION ON PHYSICAL PROPMIT1FS 01 17'LAtTICIZEL {

, Jiiltr)1 Saiple. SMA ple. It radlateid to

Propet'ty Not IrrAdIatId 4.|9 K 1011 Lotg 6" (1C)

LWJ•Il1ltna 't'ittIMI StItlI lpsh i pUi22 5 U2
E10o184thiw4, pet ccnt 4b, 0 07..
11iiipacliit S rtr thi, l' lb/lii width 21,3 17,9
WAtue Absutptlisi 0,00 0. (0hH
Sit~1elfil¢ GrLVity lit 2p • 2. },. 11

:•.lf•U~ • [ivt tll 7. t I.H x IU0
,iit1MllU PA-1|ltIv iY, (4111/111. ... b x too, i,;., 1U00

Radiation Applicatitms, tnc, , has reported that radiation gat'ting Can nmake

fltoricPtrbon pulyniierv ouch ax Teflon and Kol-F bonidablu arnd de¢ih•f' withI wartr-

soluble dyeu(195), Wetting propertitl of tIh0, polysIIAr tuirf.Av cL4n 1be Lidjuted by the

truaiinvnt. Thu msatorial Is nut givoi enough radiation to seujriously iLLfucl, itt propertieu,
and thu ctompany is preauntly able to form a produict which tIb Louipitely stable up to
Z50 C. (196) It ib ropartood that the tensile strength of a typical treated Teflon tape in-

creased from Z300 to about 3000 psi after treatment, Elongation of the same piece of

t.tpo de(creatied from :!00 to about 170 ,per cent. rhoue valuua can be varied by control-

ing trcatmt nt cunditions anid tho, pjh viical proportie3 of the original tape.

Two polyvtnyl fluoride re;,l4visi, R--Z0 and R-22 E.lm tiaterials, teoted by
HIarrington, were found to puossess some strength and resisted breakcing when subjected
to the bend te.st ifter _.Xjpostrc to 4. 4 x j-.)() . gs g- I (C) (5 x 108 roentgens). (IZ7) R- 22

showed slightly imore res'.etauiee to radiation.

l Puviny _B i Plyvmyt butyrid is !maffocted by radiation to a dose o:I'

4. 7 x 10 1 Vergs g- (C) and is damiaigted by i , p,.r f:crit at it dos(, .of 1. 9 x 109 ers g- c()
"whni h is .t Low the avi i'age of polymte.,ic matei;ils. 'Ieniil.e strength decreases rapidly



after 1t 9 
e.rps j,- I (C). Upjonl i rradiat ion, tile mnater ial. fi rst soit.Ct)) ý) and thji be otc

miore br ittle. ('7?) Pulyvitiyi Wutyral is used ais anl ial'.Crljler for Safety gin s s in :mltome-

biles and aircraft.

Coeunlosics, C[!u..polymers, such AS C.CllUIo~e aVceta.te, eCJiluosC iretalin

buttyrate, ce1iZTose nitraite, cellulose propioiia-:, and ethyl colluluse are arnoi.g the
polyniers least resistant to radiat-ion daiiage. The physical properties of the cellutosics
detcriorate rapidly under gainm-a radiation~. At doses of 1. 9 x 109 ergs g- 1 (C), celiii"
lose ~tcetate. one o1 the more raito-rssatev1uloSi.cs, haS deteriorated by Z5 per
cent.

In the case of cellulose acetate, irradiation does riot appear to affect the breakdown
vol inge. The lack of change in the dielectric properties is unexpected, since the nle-
chanical properties are extremlyn~ sensitive' to radiation. (197)

Acrylics. Polyrnuthyl mutliacrylatte (LUcite or Plexiglas), a tranaparent thermo-
plastic material havings a softening point of 150 to 210 F, is below the average of most
phAstice in radiation stability. Its stability is itbout equal to that of styroxni blutadiene
(SI3R) rubbier. It is unaffected by radiation to 8. 2 x 10 ergs g' I (C), but tensile
strength and elonigation are decreased at a dosage of 1. 1 x 109~ ergo g- (Q). The phyii-
ical properties deteriorate quito rapidly abovii that imnutnt of radiation. Abovo 109 orgs

g (C) of absorbed radiation, polyinuthyl m-othavryIrite becornie v-ery brittiti.

Lig~IsL tL'aaswrittance drops from 91 to 56 per cunt at 5. 5 g ) 0A tvrgm gj (G) of
absorbod radiation, (1"~) although therze is only it slighet iz ncuafw in haze, At a controlled
temrpeirature of 77 F, Ptoxilgao 55Wi t~rs frOint ColVONlSo to dark yellow with limereaseeu
absorptiun of Sanitna radi;' ion (cobialt- 60), At highoti radintion duowe, polyinuthy).
iouthac rylate it reip tied to have ('a rned brown,

Posw Iire a ditionuxxoiun liun Lnd kII W UlL mild r- W ( il IL ) t Ihne I itl1 ii lopinymnthyi ntriata-
crylatu were swuiid by Par-kinson sand liindes' mt Oak, Ride. (1 74) 1%oy foundic thajt the
polyinor, irra~diiated to duous of' 7. 3 x 1U I to 1. 5 x 108 vrgs V- I (C) (0. 8 and
1. 4 x 106 rued), I hjowe.d pf05t I%-rrdfiatt n decria sev in niuleuc ler weight after 500 hoar s
(if' about U. 4 x )108M ousiontj per gramn. 11oating the I tradiatUd pt0lyiynathiyl AIAOthinacryiltvt
to 80 C for I to 6 hours lorocimwod approicl vt:taify thu harne atwikbur of utcissluns as otorago
at roomn trnipuraturtt for 500 hours. After the inaterial wits heated to 80 C;, , alow i.1-
crtiauti hi n olcular wmiight wa il obstervud. ShWUl and e i-wurkuipr Liroved that air ra-
tardu thu rudiution' induced rnainji-chain oiSjluof thi" polylker. ('"9)

Whun pil ynifitliyl mo yaedeteriorates under radijation, tile main polyxtu r
chains are ruptured, ana the tclue chainu are dtwnniponevd. giviIng gntenILS proditctri.
Thlusec gtts qoims dcc-oripoilitiun pro~ducts ctmax expand the inatc r iOm five to t en time at its
or iginail voIluine. (190)

Pol yninutl'yl saiphachio rotc rylate (C mafite) has been examiined for r'ariiatio reu~ist-
amnte amnd, ill gAtiicwral , its phmys ical propertict. and m' id intion me siutsmrnct, a vrc found to bet
no bulitt m thanl thoseu of polyn a ethyl ix ethac ryiate. (I '()) Th is material has aii hight r hvAt-
dift ortion e tl1pce matu1 r titan polyrnnthyl r nethat r yli~attva;ot) is, thu refo rv, eons idt red for
tisit in at Iircrft eammop'es, window, a ad dial coverms.
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I-.-l)1!JL,M~ l it) 01 POY~ty ' 1- ty l- X ryli~l-e sstelin vwa je

ouit aL Osakai Un ivoes ity mi ing garninla irradiation from a 13- curie cobalt- 60 soureco. ('U 0)L
iidic ations wcr(c 11hot tile in-ain chainis were broken by irradiation at the sant- type poly-
meinr zatioo took place ijnd thdtt both block- type aad g raft-- ty r pctiyrnuie coexiste'd ill Ohe
products.

Polyarnides. Nylon, tested in sheet form, reaches threshold damnage at an ab-
rorcjdoe f .6x 07er~"Y and 4`5 per cent darriage at 4, 7 x W08 ergs g-~ Its

tensile strengthi increases with radiation, reaching 23 rier cent increase at 1011 ergs
I (C). (69) In rontrast to this, the a.rientetd pnlymor, nylon fiber, does not show an

increase in tensille s9trcngth. At a eose of 8. 5 x 108 ergs g- 1C) nylon fiber irradiated
in air was rt-ported to have lost more than 50 per cent of its original strength. ý I A1) A
posesible explanation of this behavior may be attributed to the diffear.neei. in the cryst.1l--
liniy of naylon fiber and nylon'st'I Another uciplanatilvu may be the offect of oxygen on
nylon.

Aithou 'h tensitle atrongth of nylon increa sos by 25 per rent at a dose of over
10~ urgu g (C), elongation decreases very rapidly, having changpd by 2t5 pcr cont at
approximately S~ x 108 ergs g- (C). Impact strength decreases at approximately the
sanie ratio ats elungition.

Th'ie Cýomlinkihiig of' nylonl whezi irradiated is not liopi;rtiorkal to the dobe. (201I)
Grosslinking for 6-6 ntylon ietetni to sat urato at aibout 10 per cent, liidie~itlrig that chaiin
utilssiun plays, an hsnportait, role.

Liti lo( 169) foun,( th-ia. nlylon, (on irradiation in thu Clinton reactor operuting tit ftill
pjowor, evolved gaseious hydrogen at a rate which decreased as the dust increased, mied
Juw-anuoleu1bAr-wuigjht 4'oinptiwdo woro forined which cuu!lý be euxtracted,

Littlo( I 69) iiIot' founjd that nloii y fibeir rapirily loums otrongth when Irradiated in the
prit is nesf of aijr. HWIweVut A, Ulau sourvice liftl of nlo ln Ilkkit ~r can lie inc rous ed by the useli
of antitrodo or 9.%lki0XiUld~Lw. Acco rdimau to 11(irn (109), both qulnonea a~nd pyrugailol, givo a
fourfold extsnuitoii in vsirvlvcu W if f ziylus, uaseod oin the rstutntion of stre so- srs ill prop.j)
ortiva. Nyleit with art ugi retsi r and rihenothiazina wero pra-A~ically aol " trong atillr
axposutke to 1. 7 x 10~9 .i-s g- I ((C') iAs nylon vord was bufuor 1rr-ddlltiOn, (60) Thu ir -
radinatd cord hiad aki uniliantt olungatlr-te 1, 5 times iis groat. flows-i'e a, it obnild hev
notetd that tvte Pts uinductotd bjy Gio.od ti ci indicati? that Da e ros woutld probably lie t~uloo riol.-
to nlylon ai.u a tire cur-d used inL .4A aiditutitii elivii-tjnliiesA.t

The st runigth and fracture of drawn anid undrawn ilylon. w 4 ~cd lliau~ and
cli- workera at the(, U~iivei-sity of Minnesota. G(,04) F rum tcntlile Httudiva the ult~i.vitc
bt reagth of the tandrawji £ Oylon dec reaus e nwirkedl yto a inini muin afte r a therrzoatl-neutruoi
bontha rdhieet.t ot 6. 36 x 10 3 rgi g- (C) (6 x 1010d nVt) as 0 COMpar-ed with that of the
dr-awn nlyLon. 1l'jwev r, at somewhat higher levels8, tim ultimate tensile. at rungth of uni-
eirs we taylota inc reaucls while. that of drawn nylon continkiek to dercreafie iintil they approach
ueaerly the- 8ante level, Both materials show a sharp drop whenk a dose of 1012 og ~tg- I
(G) (10 '9 nvt) is r eachedj. Nylon used in thit; experinient was - 'Tykc~x1 6 10 filamenit,

Two 7 iion a, an e.xpe !it!ental Polyamiide ( Polyrn er A) and Nylon 6, tin Allied
Pc rleai Tlype( 30 (P1-:oysmnr 13), -I: ye studiedc by Smnitha at the Goodrich Research Labo abt ry
if) det c ne tie bt ti r tenacity lou , 1 Tablef A-87 tihow at1 thc !ia o of tenacity at a gi 'ecn
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radiim et p s ii Lu the initial teniacity. Pure Polyiiocr A has e.,xcellent Atabil ity against
ga nikmx-a- raidiait~iio- indulced, e-nac ity lossa; howeve r, the addi tion of all add it ives srcsutted iný
iinferior fihern.j Pure Polyn-er B was not stable to radiation, but Feve cal additives re-
sulted in fibers with imnprovedi radiation resistance. The antirads used with these
jpolynkxexB are listed in Table A-88.

A new sheet insulation miade by coating woven glass fabrics-. with a high-mcdoecular-
weight polyatnide- type resain indentified as MK polyim-er has been developed by Du Pont's.
Newburgh Research Laboratory. (203) Radiation eflects onl the mxaterial wo-re invusti-
gated by exposing thin sainkptca at a dose rate of about 90, 9 ergo g- I (C) sec- I (I rnegaradc
per second), Tests vvure coniducted both at room temnperature and at 200 (-'. The results
of these testii are showin in Figures l16 and 17. Thes, gruphs represent. iplrmanerit radia-
tion effects.

Poyvnmyl CHloride. Acetate. Polyvinyl chloridt,-mtex..tate behavea similarly to
Saran when irradiated, 7'he damage threshold is reached at 1. 4 x 1014 ergs g- I (C), and
25 per cent damage occuru at 2. 8 x 108 ergo g- I (C). It turns black after L very short
puriud of irradiation. it softens even before showing aniy appreciablei dsmrkrvrdii, and
okc-igatiort hicroastls will be over 500 per cent before a dose of 5 x 108 orgs g- hati been
reacthed. (1P)O

Pol~r1.jon'ildehjydo. Dulrin acutal resin, it polyfcortnaldehyde, was found to havo
exturil-1), orradiation tA~bility, iveii ;it tho i vlatively tow close of 4. 4 x,. i08 tegu g-

(C) (5-- 0 uuntgltis) . (') lcv vr ngton suspecuts that degradation is due to chain
cleýavalgo.

Po.ljropyjltinti, Pt&/pvi')pyIl1Un ib Cht Ililally Hillhll111V to polyethylone in tbat it is
sit a ipliatic h ydrt'cAvbwi poli':1o . It. differh frnt i pti 'ycith ylen in that oveuy othefr ven
bon Mutni haii a methyl glrU'1mp attacheui. For thim reasion the pulyrnir will nut crybitall ize
U11l014s the I)II'gralnto of tho chit in furin it repotitlivi goomotric plattv ii. Such it patterin
emiiiits 14% the sou- ckfld 'ittotu.tAi (: polymecr.

Polypropyloiie has booli 4,)anliAlvid bi r ±-diatloti stability and found to be Inerior to
polyothylune. At aii expotiure doia! wherv pot yetliyteaue haft degradod by ;ý. por cot
polypropy14vito hjis Liconue, u solo Muii. Even at roomk tonipera turu and a low relative huo-
rnidity, it Is tuo bvittle after iirrhdidtion for %,,foc as electrIcal insuljation. (61) At an ex-
pusurc d.)ae tof 8. 7 x 109 ergs g- I (C), it haa becoinu brittle and lost all of itq elonigation
and mos0ýt of Its tensile u1trength. (62) Between 1, 6 x 1010 and 13. 7 x 1010 orgs g- (C),
it' becorteu Increavingly softe r and niorc flex~ible It hdIit bC(en) Ht1VgIJstI!d Ulht, at the
high uxposure doso, some of Lhu poi yli-rupyleuie chains have be curni low in molec ular
weight due to (sha iA cleavage antd ihatI. the'lw elecar-wih mate rial pla-Ah:icized the
runiaiinder of the polyiner.

Elec troni c roseiliziiking oi polypropylene and h igk- den i ity pot yethylonc was s;tudie d
by F. Gi Waiddingtoii(20 4 ) , who noted no,: tiigiiiftuatit variation in G- calue with density of
polyethylene ( ace T1able 74) a ti~ do je of 9. 09) x 10 (-,-9gs 9' 1 (G) (100 megarads) . ife
did ohbserve, ho3we.Vter, anl inldl at ion that c iiossliniking proijceA dA ighti y rnore efficiently
a-t higher dejini~ties. The cross linkiig, effic i ecu icsi betweenl Polyp copyl enre A and 11 show
a zi iinked diffe rcnee. The .4truet', lu of polyp rojpylePie B ii ntm known hut thatt of A is
believed to be ilnk~iily at) isoitactf( fo.rnin.
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TABLE 74. VARIATION IN (-VALUE WITII DENSITY
OF POLYETtIYLENE(

2 0 4 )

G- Valuen
Den'lity, Frorm Swelling From Flastticity

Material g crm- 3  Data Data

Alka.henc (1Z 0. 93 2. 4 2. 3
Alkathene H. D. 0.94 2.3 2. 3
Hostalen H. D. 0.96 2. 7 2.4
Marlex 50 0.97 2.4 2.4
Pclypropylene A 0.90 1.3 0.9
Polypropylene B 0. 90 0. 7 0. 6

Epstein(2 0 5) irradiated commercially available polypropylene and deter inined its
inTechanical and slectrical propertitis after irradiation. These are nhown in Table 75
and 16, respectively, Up to 1.76 x 109 ergs g- I (C) (17.6 megarads) there is a slight
increase iW stiffness, some loss in impact strength, and considerablo reduction in due.
Gility. Since tho latter is rarely an i-nportant factor in applications, it is reasonable to
recommeiind polypropylene for radiation exposures up tu 109 ergo g- I (C) (107 radi).
Beyond this, ths material becomes weak and brittle. The crazing ubsaervod at
5. 3 x 109 urgm g- 1 (C) (52. 8 rnegarads) is probably dun noat to dennity changos which
are very slight, but, rathio& to thermal utresse,, froz. th'w molding proceua and the
KonbrAl weakounig irradiation,

TAB1LE 7h. MK'CIINIGAL PRDPIRTIEO (W IRRADIATED POILYPROPYLENH

Timull GLI118"1 FInttolI l) , 811 WIllilh, KI,•g hI .I~I, •',jNUtBI8UCt I b~ll ... . . .
4

iVl~h1

cll.,' g (C) Wads pl pcL ,'Moi P0l-0. t, 10ch max 1-I MAIX Ieflcvtoil, llil~h fl-lb/l11.

0 ,I.,0 >K00 44hU 41130 0. H3 0. '10
1..80 x " 0.0 611 4,Wo0 000 4630 40110 0.11 0,034
1. 70 x I01 17.6 4400 <10 4080 A160 0,. H 0,:161
5. 3 X 1011 6 7. 40i 1740 kh limited 39l0 0.021, O I

( A) siliple vimibly crazed.

'A,,LE 70. LLECTRICAL PiOPERTI'S (W IJRAI)NATED POLYPROPYLENE"

El lcth:k
Dire. strClIgl. Dlccu.iCc Consuiant PoWer Iacwto

,'rg• g (C) Mrad.il, w Its 1 100 ( 10 Kt I Meiuy(A.Cyt 110 G 1O K1: t McgaiyCI.

0 0 488 30 2.30 2,.20 .0010 .0020 .U1014
1,6 x 108 b.86 ý)08 z.31 -/.30 2.2u .0014 .00y.0 .0014

1.'71 x W 17.0 '180 2lJt !.30 2.29 .0019 .OOJ7 .0014

5.3x 0q 5?,4a) .134 2,30 2.30 2.29 .0011) .0011 .0011
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It is significant that the early doec range, in which there ap'ears to be a sharp

drop in inolecular weight, does not correspond to a sharp drop in mechanical properties.

This supports the view that the mecharical properties are not strongly dependent on the

molecular weight but rather on the molecular linearity and the attendant crystallinity.
Accordingly, it does not appear feasible to improve the radiation resistance of
polypropy.ene significantly by elimination of the "radiation weak links" which were sug-
gested by analysis of viscosity data.

From the results of the electrical tests it is clear that the electrical properties are
uLnaffected by any of the radiation dosages to which they were subjected, and that the ma-
terial is limited in its application by mechanical damage.

Polypropylene, subjected to incroleing gamma irradiation of the order of 109 to
3ra 5 x 100 orgsi g-. IC), softened inatea,3 '.. progressivoly hardening with the increase in
radiation dosgej. (135) Grace and co-workers at Burke Research Company in Michigan
noted that the inclusion of carbon black or a diene partially overcame the softening
effect.

1& Arrington exposed a sample of pripylene to 1. 9 x 10 urge Z (2. x 107

roentgen") and found that it underwent sevore ddluiage. (177) It bt;, ittle, lost all
of its elongation, was .dibcolored, and lost a significant an-iount of its tensile Otrongth.
The ourface of tli material became quite oily at the higher dose ,if 6. 8 x 1010 ergs g" 1
(C) (1 x 109 roetatgens).

EFFECT OF RADIATION ON SPECIFIC lI1Y01GAL PlO'VERTILS OF .LAS'rzCS

It i( possible th•tL a plautic will bI, Wltisfactury for a given &application even though
the ceeaturlai has deturiorated iitejiiestiliil' physical proporties. T'hureiorn, to
deternli'e which plastic w ill givC thu best radiation rVDWItaLuU fUr' a paertlc'lAr apjlidta-
ties, it it nocasiary to know tho doses of radiation which will change thoi various prop-
ertlos of Oie polymors. The e L,•toi of radiation on Ltnsilte strenmth, elongation, ,lauric
modulus, sheac strength, Knrd impact struengih of plastics are compared fur various ma-
Iezrials hi the Uliluwhag nections. Thu radiation duose. necehuary for threshold, 25 per
Cent, and 50 per cent change Fre shown in Figures D- I through U-5 in Appendix D.

it must be rmemhsred, howaveri, that these results du not take into consideration
mertho,Is which imaky be used to improve the radiation resistance of polymers, such as
the ,addition of mrinral fillers, anliradu, or scintillators. Thu various tests used to
deternmbe these propULLtiUo tru prhyriarly Mattc-typo testh carried out after irradiation,
whereus lho iwiterials will be used unitr dynamic conditions in many ciaties. Also,
these :radiatiI, n studies have not taken into consideration other wzivirounineiitaLl conditiontn
which, when cumbined with a radiation environment, rtaay considerably alter the uselul-
ness of the material being studied. Therefore, isiaterials chosen for a specific purpose
will have to be tested further under simulated or actual, operating t.onditions.

Tensile Streie fA,

Plastics showing the greate•c stabilit0 with re spectI to ten. i. strength are poly-
styrenc, asbestos-filhed phtiiolics, furcami resin, and polyvinyl ca;rbatzote. They show
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prattle:ally no chaztge to 101Z crgs g-I (G). Nylon and graphite-filled phonetics show an

iz•crease i.,a ten•ile strenglh. Polyethylene, after first increasm• in tensi).e strcngt.h,
shows a decrease of 25 per cent at 10-'2 ergs g"l (C). Nylon, minexa!-.filled polyester,

aniline formaldehyde, and polyvhayl ohio.ride are changed by less t3mn 25 per cent in
tensile strength at, 1011 ergs g'l [C). An epoxy-glass fabric (Epon 818 resin) sht)wed
good •tability, hut was not tested beyond 1011 errs g" 1 (C}. (1O)

•.•longat tt•n

Rigid plastics have very low initial elongations• in most cases amounting to less

than • per cent. Irradiation has little e•'fect on this property of most rigid plastics.
Those pl•tic8 which do not appr,•riebly elmnge at: l0II org• g" I (C) hxc|.ude furanc resin,

anil.i•e foz'maldehydoj phenolic resin with asbestos and with asbe•tos-labric laminate,
pol.yestor with nahl•i-•. £"A:cr, potygtyrc•'.c, •,u•yn•yAre wi•h white pigment ttl..ter, and
polyvinyl carbazolo.

Of dtur, e plaaticv having an htltlaL elongation of over 200 psr cent, polvinyl chto=
ride was the n•o•t •table to radiation. 1,21ongatlon i• unaffected to 109 ergs g" l {C) and
de•rea•e• by25 per cent at a dose of tOlO errs g'l (C}, Tc•lon is the plastic n•ost

susceptible to d•mage with r•p•ct to elongation.

F•I• •tlc, Modtdun

Plastic •:•tt,(rials sho.#h•g the greate0t radiation •tability with ¢oltpec! to t, lasti¢:

moduhts i[•clude anLtLr, e forlnaldehyd• ,•el)•mint• /ormaldvhydo with cellulouv i'•llor,
i•olyothylmn• furano x'osin• phenoiA.(: tuttis vdth asb•sto,• fiber u• a#bvstun fabrit:•
phenoli¢: resin with graphite fillvr• polyester with xxtin•r•,l ftlter• polystyrene, poly-
styrene with black or white ptglnvnt flLlvr• =nd polyvittyl carba•,ole. Polyethylene and
pulyutytcntu with bD.ck p.igm•n* t'llior haw inc:rvasLrtg •xasttc rnodttlus values• 'philo

IllCiltlZlilhtt fortnldtlvlaydc •llltl s•linurai-fillvd pedy•Htcr httv¢• dot;erasing valut•. 'l'|tt• tdhcr
materials, i'urane ro•bh phenolic resin wiLh a•bvstos fiber or fabric, phenolic resin
with asb.•stos, poly¢,yrenep polystyrene with wilit0 plangent filler, and polyvtnyt cnrbtt..
zolu do plot chltnge in valttt• ,tiler }t•vi•tg received ahnost 10Iz erg• g" 1 (C).

Shear Sire.nigh

l'olymor8 having the least change )n silver strength when irradiated •nt'lude ani-
Line formaldrhyde, phenolic resin with asbestos fiber or graphite, nylon, naine•al-filltnl
polyester, atlyl digLycuL ,:arbo•ate• poLystyrev.•, polystyrene with bla.ck or whit,• pig-
ment filler, and polyvinyl carbazole. Phenolic resin fflledwith grill)hate anti polystyrene
increase itx shear •trvngth. The shear strength of nylon increases initially but dc(:rt;a•t;s
with increased doses of re, diaries. Aaailine formaldehyde, mineral-filled polyt:sh•.r, and
ally[ diglycol carbonate dec,'ease in shear strength. The shear strength of asbestos-
fibt:r-filled pl•en¢.)iic rosin, bla,:k and white pigtnentcd poi.yntyr• .... .•nd ),olyvinyi (•.tt'-
bezels does change al)pr•'•:iably with doses of almost 10IZ ea'gs g" I (C).
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Impact Sti,.f cug~h

Meoininie fori-aldehyde with celilulose filler, furane resin.. phvnolic rc sin with
asbestos or graphite fil~ler, mineral-filled polyesters, ally! diglycal carbonate', poly-
styrone, polystyrene with white nignment filler, polyvinyl carbazole', and vi~nyl chtloride.-
acetate show good radiation stability withi respect to impact stre~ngth. Me'an-iinc form-
aldehyflu, mineral-filled polyester, and allyl diglycol carbonate (!, -rvase in imnpact
stiength, while the others do not change. Vinyl chloride-acetate does n1o' change in in~-%
pact strength to 4. 4 x 10 11 ergf, g- (C), the maximum dose to which it was exposed,
although it is onu of the pollymerts w,,hose over-all radiation stability is poor.
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Shoaw Stuma SC pal 061( 431) Dub11 5394 011 6213 A' A, U Decruaca

Alwif~lowai Skfii - Alauaaloomi C oro

Coro cclopwiateorl Fill a Comnpress~ion. Jill 021 'J1ll 2112 3T 3'? 1'.1 257 v1 No' canlaige
sil1y1o Ucsl raIling I.psd psi 18 1180 20 .Io :16:t 1. I7H11 6 -ll 18A '21 H ocw
cuiwiwl cremp vailig 1T1111, IcF 1 I.11 0.0 8 .7 It 1 11.1 10. 2 -1.1 2.1 Nil 0111aui
Slima Mod~ulus (hj. 10 13 ~ 17)'. I 'k. 1) 8. 88.8 LAi 141. b. Ill 1153.0 0., '1 1 V. I I1urisica
hhotir strcis Jill 01140 V'?'1 210R 320 .uo3 21111 -111 L 0' N il uango

Notidt Teased At 200) F.
Total aliua 2.4 it 101 erg& gl (C') ( fI 9 iI)vI' 31 I~il ivt, 0i 0: 1I.andtb (3 11110 g)aimo4siditv ),

(A) r P piv-loo5i at Ubt per cant ctviatldenhtut lltt-rVAI.
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TABLE A 6. t,1r Ec Or 75 T Ifl'A')1AT1051 Ott) TENSILE SHEM-K SIRENGTII, BEND S.TRENGTH,AND) FATI(GUE 1RESISTANICE OF ADHESIVE VW 47 IVINYI..P14ENOLIC) TESTED, AT
75, 180, AND 260 0110

)

i.. U!,ng eb p0

/. 5 flS I1o Is: 11.114

Ila IO i t' )1 Ql' 2t I 0.00

17 28. 0O 260 49 '92 "1 ,1(19 lib, (IP 21h0 2:1, 0151 UN It

910h : o 0 IU (4 014 10 ''

to 40 011* Pla 90)9

(lend SlrengI;l

I 
Idi Ii,1 , ) 0,

P/ fe49 0 18 13 004 0.11 0.049.9 11.6 to I0 14 IF1 I. V o.1 0.a
.12 / .5 1 o 1 I I0 001 It 0 08

0m)91 '. I, (Ill 9? 00(4 09 es
Q1l 4) 01' 0 01')I

1* 61 al 001 001
'ClIN 

it~~ Il b~ ~ 1140

S10 1 t;' a 0) I bv0oi

fil M, Ap.' live'11

*eIma~l RAI 1 .~ l imp Cyr 01 typ (i~tt'

1. 10)

'(d61 ? ll.l *4,,

Ii''.~11K .1001 Alt /1A'me ''nrlr
1 /" >j** itv

1040 41I
U ~ ~ ~ ~ ~ ~ 0 50( f11t SI0** 'SptIjii5l'th

91 ~ ~ ~ ~ ~ d~% r',,t.*nr'',s'p



TABLE A -7. EFF4ECT of sETA ANl GA MMA IRRAD)IATION ON T17NS1LE'SHEAR STREGISM OF PM-47 AL)HUSIVE(~ 2

Radiation Rtadiation Dole Averag Per Cent of Paiiutre, P,,timitted
;.dhesivc Source lop x~ 10,7 ergl g-. (C) SIelgtl psi Vjs), psi F /(q) Origiuali Pr Cent Adicniave

P'M-4'? fca(r., d) 0 0 4".i0. 0014 100 300
10 '3.1 x 108 4 V:0 '50. 0 0.011 104.7I 100
131 2.6 x 1019 Qk(C0 38. 7 0. 00914 98.8 100
81 0 il x 09 ~ 111t00 159.2 (). U;11 q 8 100

Cliiii 0 M1)0 1.50 0. M?4. 1001 100
H. t' 'I 10A x0 0o,:,fj 0, (3M)? 03 100

111 x 109l 11110 1:14 0. OR1 9 40 100

(a) I) corwO.i't.:t' stalhiritd JUVIAtIoi of the j4..ujlp Vn[i ted acitordingiir iiii, .eqmarion

N-I
whulw

x. a uIrerlp11,pit'll valuk! of pifimiiar apeil' lwllsI
Tl Arthlii lui 'al averagir 'f lilt- lytu %pociv itia II I )11eitt4lig it ptir i'iilsar 14-6

N - umll~wr of Ip'velIISII u l lo thumloi.
(b) (S~) iv AYAKVer 11Wir lirs'11f(Im, P~
re) I.Ap-slwir speciumioi 'ruum 0 l0ilt) '.01'.!1- 1 i l iiuzilumigtg bomuukd to W11 m'llt irrLutiI~tL'J hhtU(lIgll 12011idi mIfiPI i0g ll trijr

rviuft'i.orv with Ila,- -III orriji prior t:- brenaidi,.
(d) 1/4 -inh~ ta Insp(ii.a d of lion, ii 1 /2- illc la ip,
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TABLE A-8. EFFECT OF 7S F IRRADIATION ON TENSILESHC4AR STRENGTHI. SEND
STRENGTH, AND FATIGUE RESISTANCE OF 4~CYC'ElD 55.9 ADHESIVE
(VINYL-PHENOLIC) TESTED AT 75, 180, AN4D 260 F(W)

Room 11.1I~9 I 0 W350 914 a 2f. 0908 33239
9.3 -' 111' 3N1s 91) 0 ?d 10211 1171 42031 9/? 1 ['0 (6 thi of9.

101.!, '4.4 1 1 IL 640 746 0.389 756 943

No..1 :1 1~09 ;160 9 000 lot 0.M7
9924 O 10 1,11 9.39 148 0 6

' 1 010 P3' 40 389 (30 21

1132 l 39" IV ) 1 o 2 0.321
Jill '6 x 10 l 0? IA 06 0 3;; , .0 0 16

pum IIt"(d.11toei3 (1 0 1% 11. 1 11 9Wb I" h 006

73 24 I0' 24 Ali6 33 V '14 4 1344

i 01 S1 IA 01 1 1 iM Il0 ?3 A,/ d3 0 33

P) I3, I, )W 44 311 33.131 164 N 3333 11% 1i M13 t33 0 IN

ill3 f4 olvi 1 '13. Il,- 0 11d

333, P '44%~r v3

313 4 Adp,ý

I . l3f3 313391 (141111j

0331, 1-11h3 A/ima

MV I.'. Adlhp1y31

.1,.ee o"1v "If

-1,1 IN, r tlip I viI~L' h- i

if- I. wI 'w '',



TABLE A-9. EFFECT OF RADIATION(a) ON TENSILE-SHEAR STRENGTH OF HNXCEL 422,(1
1 )

Tamtils-Shoat Suenjzth, p1

_jnto1 X~)_ Irnidlated (Xi)
Ten pwraturr. F Max. Min. Me.xi Max, Min. Mean (XI-Xtj)* pfb) Int©epretAtlon

9024-T3 Clad to M4-7''s Uad Almnlirnvm

Ruo•in temperature 2951 2613 2672 301 .14i0 2921A 253 A 695 No lijn.g

2(30 2494 2144 23.3 2380 U220 23,22 6 6 004 No change

'076-T6 Unclad to 7075-T18 1Int1 AluminLuim

"Ho)In terneraatue 2788 2623 2671 Me6 2408 2"707 11C 1to 4 No ICLhlgs

200 2541 2178 2397 1443'0 2102 2274 -l13 j 6213 Nil 014,lian

Mitiluii fo Mainel._III

Rouin temnperature 1343 1257 1310 136GF 1084 12,90 -go k 341. No chAg
200{ 13129 11217) 1208 130"! 1 lT2 1 ).i6 44 t 314 Nuj cIhanige

1. hlit"ll- Immerionl~ 1 .a.vj-81oat' Tostsll

20)24-.'J (.Adi to 12,0-4-1-3 (.hila AlumibIvl

,IminI. . I t..lo Flui•d

3 per LiI allt Wtri 21152 2466 W091 1n U2• 1.0 2b'70 -ID 1 •74 No chwig

I-ip water 2J40 14380 M4 2 UIV) 2345 1;57'I'1 i k Ot1 Noi C-hstl$7A
wll-Winl fltld 0 1 , ,IMO) 2:136 :004 ,'402 2"t716 -'0 A '111 NO 4110a1180

Ilyd;aolll olJ 121,152 "8030 1'1" 1 210 1.1)H0 11,62J -198 I to I.hlangi

31'14 fuel 1700 1941015i 20.17 201)11 'AIi57 2.701 "1 U.1(O No claillgo
IlydrocAlklOIl Type III fuel 'Hob 939,2 2536 aJO :10 00; IHI a It,40 No CIAI

(sa) jrradlatv l /1 air tw 2.4 x 10• crgA g'l j (6U x 1j)14 ilyt, i; x lj ivi, , IV l , , 110 lloII XIlliO,/t,, I i),

(h) P rTJclioloo at bfi per crit Cosnfidti' Iunterval,



A-JO

TABLE A-10. EFFECT OF 75 F IRRADIATIO0J ON TE 1'.LC.3.HEAR 51TREt4GrH, BEND
t.lI:kNGTII. AND FATIGUE RESISTANCE OF CYCLEWELO C-6 ADHESIVE
IMODIFIED NYLON.PHENOLIC) TESTED AT 75, 180, AND 260 F1 0

0)

I i i- "n 1'.% .'r S1 r'r

PO- e'.eialwe 1] 21 4 NJ r! 1 410 C..? i

35I 2060 354 0 :' 35 0.1i
ick ?I' N 43 , .3 ,, 1. 0.3 2?C Z9125?~ 0.0? 731 0.00

635.1 S.a 09 1;60 104 0.12 116 0.13
35 3. C 156 0.77 114 0.25

51 Nk 2/ V c 7; D.?,4 E F 0.3?,

760 10.) 4.31 I0 400 9i 0.74 1I)? n.71, 440 41 0.09 47 0.11
7b ".41 101 1 £ 1 0.24 46 0.7

In, 2110' In 7i, 4 0 47 71 0l.45

Tepeiatle. .Ds Bird Sliengtt: h,,
1 1-1 rig C 1II III 's'II b Itjlt

Room te"el':ac,,se 0 0 154 03. ; 0.01, 14.? 0.0
10.7 1.3 1 109 161 20-b 0.17 32.2 0.19
35.5 3.1 x1010 160* 76.1 0.16 79.7 0.10

106 9.2A 1010 151 42.3 0.2! 47.3 0.31

1110 10.7 9.3 a 0 141. 14. ^. 3.1a 15.8 0.10
2b -4a 10O1 131 31.0 0.74 34.1 0.76
III lI.?t 101 44 7.2 Cj.16 8.0 C.12

'fi0 10.7 9.3a 149  
9) 15.9 0.16 11.6 0.18

35 3.1 a 10 1i) 35 13.2 0.36 14.8 0.42
106 9.?a 101ý 13 4.4 01.34 5.0 0.38

Fatigue Slitngth

Radsiatin Dose
Temperature. - -. - - Load,

Fr i 10-' ffts C 1IC) Psi ' CYClIt A 10-3 Type_*1 Fagilue

110041 temperature 0 0 1330 13 Aidhesive
W60 Failed whiile "o~ii8

Mlo 650 Adhesive
sou 10.000 None

11.1 9.11 109 933 10.00 NOne

106 q.? 1 1010  106b 233 Adhesive
M0' 3174 Aitesiyc

933 Z559 Adhesive
1333 146 Adhesive
933 430 Adhesive

Wtat.. stanard deviation ofthDe group. Computed accUoring 10 the equation:
whie A - nlitIlfgh lest value of paricueilar spentinro'

A - Arithmaetical Meiffe ol 01 it live SPecimeS ns delloirig a particular lest
%d - flumWe at specimens in the t'iup.

Ibi Si1- s0Cm stlength. Psi.
ici 5100s~o.110 deviation (affected to ijcoun ot b the small number ii

t 
-;ierimen-s in yriCt ý10ioul, COMIAMiet, I l'at S Wi.~I 31he fletaion:

14l ;n cases *hiefte One 0l Ite live lest ovIues itvuialCO eceCssivety Ito- Ithe OIveil~t, id *as i.'Is~laen The iicjusitC strength is the anerage %.10
ithe ejilrme, vIilie Cis(aldI'il

awnil ybit. ite.1 lpe
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TABLE A-11, 1WFECT EW IIIGH-VELOCXYITY ELECTRON IRRAVIATION ON4 SHEAR STRENGTHi.
PER CENT FLOW, AND VOLATILES FORMATION Or~ EP~OXY ADHESIVES,
WITH AND WITHOUT CALCIUM CARBONATE FILLEH(3 4 )

Total
QuLiaaty of Approxiudate Sh1&a Flow~ Urdef

Rad~aton, itadistiolo Abborbed Equi~alcilt Sucusth(') Loa~j(b).
WAII-WlC/eu 2  megarKep erg g Radli~tioa, n/cm2  pil per cent Vo1.-itatc)C

0 0 0 0 6200 11 Noera
97 10 8.6 x 1 1 x 1016 6300 0Nonie

201 30 2.4 x 101' '1 1018 6000 8Naob
970 Igo8d a. xO 109 lt 6300 0 None

2010 30?0 2.8 x 101 3 x 1017 4201) 10 None
9700 1000 8.5 IIoaIx 101 ,1 uloI oo 18Nn

P-Il (Spuf 828,wat FharC.

0 0 a 0 34110 0 on
9,1 10 10.6 J 1081 0xIl 3100) 1 Nr

2W30 2.5 x IOU 3 v 1010 30)0 44 Nn
910 100 13.1 x 100 I 101' 3300) 6 None

3O 2.11 x 10,11 3 a IU17 Ii.uoo None
11700 14,00 1.~ 0 101)1) 1 A 1u"3300 10 '1 146uu

Arn ýujoI4R A -4. tIlnfIlld(1)

0 0 u 0) 4s00I¶ Sighta
97? 1LI , r, x lo8 1 a 1016 7700 to modKrafmfq

1601 30 2.51 x 10" f4xIola if) 0 b0() 4 Ifeavy
970 10) 11.6 a 109 1 x 107 ~ 8'700 0 Ifeavy

70910 300 2.5 Y. 1010o a x1011 6800 Jr. HcAVY

0700 100)0 B.' f, 1011t) 1 x 1013 200 16 1 avy

Itoontolca appear on the followtng page.
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Footnotes for Table A- I,

(a) Preparation of SArisples and Proccdure:

(i) Prepare 3 x 1 x 1/%!-llncl 2024-'F3 aluminun strips by irrnm.rsi.ng for 9) minutes at 160 F in a solu'tiont of 3,t0 part, by

weight water, hi) parts sulfuric acid, and 10 parts sodium -icchromate. lWise for Mr sminuts hpi rvnnlig tap wimier, dip

in rctrhyl alcohol, and air dca.

(2) Prepare shear samples by bonding 1/4 x 1/4-inch overlap sections. Oven cure as indicated under a load of 1 kilogram.
Pull specilmenu apart in shear on Model I.-C Scott T eter with a draw sepuKation speed of I inch per minssute. rho
figuriesgiven £Le the averag~e of six samples.

(b) Preparation or samples

Coat clean 3 x 1/4 x 1/32-inch 2024-T3 aluirlsium asripl for one-halt tshlir leAglh hy dipping or brushing arid eure.

Place th,. droplet ensd of tie %trip uwder a votrpgessioo of 1i6 pomitds ifi all oven at l,0 IF for 24 hr. Calculate the
flow as follows-

flecrtase in droplet size x 100Flohw u•
Initial thicn'Mncs of diuplut and stiip - Ehl•tksw of il'rip

EacIh v4l1U lit] Its Ole UivesCeg flow of two Sainples,

(W) Preparv; -rips au a•uvo. ral in glass tubos wider I Atmosphere of 1itl1imu &W stoma Li ans air uvri ast L60 Q for 0 days.
Remuiovt and observo for any timatoialt on the ies of tihe tubel this Is assumed to be condensed volatile material from

tlr1 scJili tcsted.

(d) Commpositsion by Welghti (e) CuMisisusitlun of P-11 by WeIghtt (I) Coumipoiltlun by W•lghti
Epon 0200 100 Epruss 8918 100( Antntorng A-0 Lou
Iretildhlu, M.• Wc.aillito ((,a%(:3 ) V(0 Aktivator h a

Pilpmridine 10
I mrsei lvUrn srte '2 fsr at .,(0 I' Curti 6 hr at 212 F Cwt (l 0yra |U111 lot

pllus 0 11r si 21 F' F jli 40 hr pst :1O ' F 2 in mt .00 F
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TAB!.!A-12. I111FECT OF RADIATION ON TEWN1,0 -HEAR STU RNGTH
(V 9PUXY ADtI5UIVE 9 SPON V99, tiX4fi)

GAmwIiis Exposura Due, Number of .J jw SrtfollighLQ.Lp
ergs ii -I(C) Spctimens IPA1180 Avotage

Nona ' 30'70- WVi21

fl. 4 x IOU 20-N1b32

1.'7 x L¶AI V1O - 1010 Hi

(a) Putilattluil vxpoumII Aud sliti.: Itlit cmduidA ltd tit Ambiotbrl W[UfAVJILUMIýe

(b (tim 200 P. WO mill. 10 psi,
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TABLE A-13. EFFECI OF 15 F IRRADIATION ON TENSILE-Si0EAR STRENGTH, BEND STRENGTH,
AND FATIGUE RESISTA~rE Or EPON VI111 (EPOXY) TESTED Al' 75, 150, AND
260 F(O0, 321

Tc'ns;Ie.Shvar Stlensth

0
--wnoralule. RA0almn Poti Sheat StrenRIo. ,'' i

F I 10' ee C; psi as. (I, psbi 0i i !,,

Room 10rmpel&lurD £ 3430 9I 0.03 1? 0.63
b. .6 'to' 3490 Id 0.03 13) 0.34

74 2.1 1 ;J3130 1129 0.04 14I O.,i5
14 6A 010 0 Mo 200 0.00 124 0 10

ion 6.6 5.) I 109 3280 298 0,03 333 0.10
25 32 I0:' 11 0 2112 0.0) 23? 00);
63 s.5 t01 I)0 I166 0.09 111) a. It

260 1.5 (1 0AJ' 1350 143 (1,1' 151 0.1)
20 .11 in 990 145 0. 15 I6? r.. If,

18 $8a1,1 440 0? 00D1 10 0.08

Tampomat;;eo liO;nt Ew

I'A- 'peIm~wg 0 0 910 I. .) 131.1 0 0k.
IA o U ISO Il 1 011r' 15 1 0.10

(4 .1 It''i 1. 0.00 121 10.0

10 20 ?.,3' 0 I0i0 1. 00)1

14s (i. b 194 09 111 If 10 j
11. 10 6. 1 P0 I Io e h (

Ifi, ý.,400 (.I 10 '?I 0 llt v 11

ll.10I41,;.aPhmvi

I ~ ~ ~ ~ 1 I i' 41% it '5

1.4 ~ ~ ~ ~ I' a ') 1.1. 49IAI 0.4,

I 1 Pl 4(00) hlmt.svi

Vil CI, ; II' I n T%) Avs p.,

V40 Iw II-hs',

""'0 11- Ills 1,,,,

'i Al
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~~4-4C'IC C.J 0--~ I~~J..

I 0=
0- -r .4

cm, c

0 00

'C4 4 ;a 0 C

00

ell

IF3

,b hI ,a •,
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V0 'n~~ p OCt H
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TABLE A.15. EFFEC'3 (F 75SF IRRADIATION ON TENsm~ SHEAR sircENGTH, BEND SrRENIGTH,
A040 FATIGU4E RLSISTANCE OIF CYCLEWELO) C-14 AnHESIVE (EPOXY) IESTED
AT h~, 180, AND 763 F0(0)

Adjustedl

Terpermuro , . . S:tii~h ,9) ,c*renpil,td). ~ 1

r 10 oft ?--Iu If( I III pmi ,-.'ISP~ m, ~ mi ýi,/(TM pni ,

Renoo lellieatue 0 11 lite 562 (0.23 RA3 0.23
t0.? 9.3' 3309 246p 455 [941 5111 0.:1
33 79 loto 7490 1151 0.72 E-23 0.25 11220 139 0A. 16) 0.0?

173 1.1 loll 333) `1 042 11%3 U024

382/ 9~ o1 8 - 0 0 S(; 0.49 LW 0.39
33 ?.9' I 10  100 72 0.2 o 02N

171 1 1l 113  4ý' 0133

260:C 3(. .370 34 048 21 3
79 C9 le- to0 30 050 3U 0S

let I.1 I 3lol 70 '3 39.4 (( 050

4HIp tla [low Per.1

8~A too mu 30 Mp 3 3,A Dh 20~ W '/0.1.

~~1 0. 933393 0i 0 6 1.1013 0,2,

39 3.4 * 3336 28 07 (1 07

323 101 it 3 0 4? Il.9 14 () .6 070

J9 If loll, 44 10 1 03.2.3 1 9( (37,
393, 44 I 0(0 16 1 0.4) A44 0 SY

1), 30, 03 3 13 9 1 03 44, I 1 0 13

3S3 333( 1 7311 ... 30 6 (, 0 14

Ho.'"I~ c I I 9 3 ~ 0 0 Ai4,w le

33366 4 li(3,.,.3.9.,9

33l .13.J. 0l1cr ,vp.

433m 1 10 .i1 1,1 w,3 .i,1,

1q3)

* -hrlig3 Mn~ p119, i*

""Iv
3,39 9cc 31.3wiri :c'i.3 , wic I.'. il' %. li II' V'I I! i. 9ii 3 i',. 1,11 3, yci.rlO tip .. ,li ivio wl.

ft 39 919,
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TA,.LE A..16. EFFECT OF HIGH-VELOCITY ELFCTRON IRRADIATION ON SHEAR

STRENGTH, PER CENT FLOW. AND VOLATILES FORMATION ON
EPOXY-TI-IOKOL ADII.SIVES, WITIh AND WiTHOUiT CA.,UM
CARBONATE FILLW1O"4)

F low

Radlai.•il UnderAbsorbe(O), $hea' $tucagth, (b) LA•d(c)

psi per cent volatiles(d)

.A-(E 828-f Thioko1)(e)

0 3i00 11 None
2.5 m 100 3800 22 None
8.5 x 109 3100 10 None
2.6 x )010 3000 21 None
8.5 x 1010 1100 1'1 None

UA1 pr 820R Thik . LCIVIULICa~pw )(

0 2400 None
2.8 N log 3000 Slight
8.8 x 1o9 1000 61181h1
2.6 x 1010 3000 1A Moderate0 ,6 x 1 0 1 0 '0 01 9 M ,/o d v ae. , o

FA -2 (Arn'ta.nuI C- j, J]!pkad(g)

0 0100 11 'Irave
. x to. 6 M00 24 Modrlat

2.6 x 109 6000 14 5 1 181at
8.6 x joy 6000 25 Moderagv
2. b x 1010 Io 1, Nomi;
8.6 x 1010 10 4 ROO

LCA "2 (Arristo, C 1 hooC ihmCfwAl)

0 3000 3 '1A:oo

8. b x 108 4500 1S Sliht
,A. ,, x 100 4200 5 Sl 8iht
8.6 x 109 3800 9 •;IIght
2.5 x 10I0 2900 13 Moderate
8.5 x 1010 1800 1u Ileavv

l'joIimt($ :ripprar oin the fullowinig pagre.
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Foolrot rts for Table A-16.

(si) For more co l v opte it tin t al m Itls-. in wa!I-%cejoCl'-' ,see lahlh A , 9.
(b) Prepisaration of i;t alhit< and prs,'ivdiir:

(1) Prcpare 3 x I x 1/32-ilnch 2u24.T3 l aluminism strips by imnershing for 10 sninutes at 16(l F in& solutio•jo of 340 parts by
weiý;ht water, b0 parts silisuric acid, mid 10 paits sodium dihitromiatoe. Minec for 16 mIiICms in running tip water, dip

In melhyl nlcohol, a•rd air dry.

(2) Prepare shear sarnplps by bonding 1/4 x 1/4-bich overlap sections. Oven cure as indicated under a load tf I ilh8gramn.
Pull specitia•ess apart In Shear on Model 1,-6 Scott To.ster with a drawseparation ifpeed of 1 Inch per miinute. The figures
given are the asorage of six samples.

(c) Preparntion (of Silmuplcsi
Coat clean 3 x 1/4 x 1/32 2024-T3 alumLnum strips for one-half their length by dipping or brsahltnd and cure.

Place tie droplet end of the sttip Wider a compiession iof 16 pounds in an ove.n at 250 F for 24 hr. Calculate the
flow as followsl

Flow a Demese In drolet size x IOU

Inititl thickneiss of droplet and strip - rlthtr.lcs of strip

Each value listed is the average flow of two samplehs,

(d) Prepate stripi as above. Sual ili glss tubas wider I Atmnosphere of lhelhidti d Awil stre ils an air oven dt 280 F for A0 days.
Remove arid obsieze f,•r any mnerlihsh on tht, sides of dlie lubse tis Is mssu•r•ed to be woaldised volatilempletial rnsn

Klle slusit tested.

(e) Colitpuosioloa by Welghtl

Ell~tt I IIH2 1(8'

LINII'.5i 4

(IS) C(olns1 sttlloll hy Welghtl

Th tlol.•, 1'..2 Ah

(g) ComtmiiitKi by l/'lghii:

ArnTmhs Isig C (tut

A, IIVatIr A 8

(h) (.olllp,"iLlhit Fi , by Weighlt,

ArtlIstt.sml •, (,- I III's
TIh1 d<(t l I Pi,

I .e'sami t to (CaCO:1 ) 340

,k v!t'St' A



TABLE A-li. EFFECT OF MIXED-FIELD IRRADIATION 0N I ~A&TILOCK 620 (N1TR 1 RURFR-P!X NOI.IL) LAP-SiIMAR
SAMPLES 8ONDINU ALUMINUM AND MGEI~:1

Totuilc-Shlear 5Ilph 3

Temnperature, ControULt) ___

v MAXLFwu11 Minimumn Meal) Maxun~um Mmmimwrif MW-af X,-XckIlt)) liowimprtation

2024-Y3 Clad to 21,24,73 Clad AluminumI

Pnom teinperatuic 4843 3176 4338 4013 11110 4004, 10' a I1.U0 NU clmange
2010 2392 3956 "2141 2643 '?012 22411 107 1 bb'I No chailge

'10711-Tp Unclad t -(ib -7CT' Uilacd Atunmmam~

Roomn tomperAtUre 4804 4~i20 404h 6i
240 49.21 bX118 47i31 1208 No clisumt

26U 4 19 1il8U 23U2 '2493 21H41 2384) '00 It 61 No change

hloum Wt~lpuuAtilte 17112 1470 10041 1414 043 12118 -400 1441 No uliiiip
260 832 612 727 081 603 821 114k 181' No chaige4~

!Algeilwrm co M04 *V'D Clad AIMMIIInIIuI

liom~ 101iupersuirm 2200 110V 1036 11)2 "!G 10 9346 -690 425 Ilm4r49xn.
260 6110 6 110 bull7II 411H hil (101 02 Noi I1IJ3I4g43

Fluld I 1i14111numoI I d ji-shoasr TIt

4 vit cunt mill water 41,/u 3,10" '2 42 4(.112 3/1 3110u 143 CI 1103 Nip chmagoW

'I all N4I~ 4'1l,1 3814V 1211 3`bO 7111) 4347 66k1 1113 No IcaiciH(

Aium -iciiug Hold 4016b 36091 4317 412 HjU U"' 4484 107) 11U'% No ihamge

I lydrauific oil 4720 3010 h'll; /1 I 1108(1 442dJ 2 14I 4 10414 No chog

3111-4 foil iWi Iog 4U (,0 447 11 4 7U14 3/141 441'/ 03 &1 113V N.o ci amugc

1 lydrltmAr hoil t yp' III fliii '160 :91116 427 -17lI 3H146 4480( '240 111 NoI 0I 1aly~e

(41) firadlA~d III air to .4 x loll 1,85 g
1  

0.) 04; x 1014 m1 vi hx It' no t. and !)x 10' g1i" 1/, 3II

(h) I'rfccwmui v :'! ptt; cfa t ionfdunt-e mintval.
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TABLk A-18. EFFECT OF 75 F 3RRADIA71ON ON TF.NSILE.9HEAiR STRENGTH, BEND STRENG'TH,
AND FATI(GI.IF RESISTAN4CE Of SCOTCHWELD AF-6 AD14ESIVE (7'3O6NOLiC)
TESTED AT '15, 180, AND 260 F300)

Tpeneaa Shol PAII

Tecpee~ie' ldd~tOA stleiIIh. W,~ jIl 53Iten3h
1
0
1
.

'10~ egs R Pit oil D~ II I SiiS; flit list -VP)1'~ ov. orT~

R-n,ci tPrri"F~allg 0 17 D0 2920 353 9.05 169 0.05
1.6 6.61 U. A0830 150 0.0 r 6 0.05

39 3.4 :010 3990 M 0.'o? 111 0.03
14 6. 4 : 1010 3100 392 0.09 176 17.06

PIO Y.6 6.6, 01 14174 211 0.19 3M3 0.21
24 2.I 0: 187E0 596 0.1? 960 0.36 9150 93 3.04 96 0.134
74 6. 4 0 17 1 420 %8 1.20 320 0.72

201 7.t 6.6' 309 1 DO M30 0.44 559 0.49
24 12 CI I0 W5it 200l 0M 322 031

Si 15 U 1 0 1 i 396 0J3 432 0.42

BecOl li~etillb

Adjuited
4Hril Bondi

7 ~ ~ It -1 ill oh /I D~ b ~ l 334~l L? l ,( I 1 L3311

RO&Ma lempicalul. 0 0 M65 10,1 0 (L 31.6 0.06
?.6 661; I0q 397 16.2 0017 38.3 0.09

24 3,311 , 1,,' % C6. 0(4 a 6 U.3$
74 f" 4 o 3I Il1 35.3 01 37.3 034

114 7.6 6.6 359 113 ?1.6 0.23 309 0.7.3 146 31.2 0.06 9.$ 0.01

44 1.3 I~ :11 27.0 024 33.3 ::. 1 ? . 17
14 64 30 lO 336 iIf 3. (. 1

?60 10 1 9 4 :110 0 .31.0 0175 34.8 0.39 IJ Q' 37.1 1( 1 .0 0.34
20 1 2,01 46 22.7 934 241 QA.3
6.3 5 ,39I DID 10.3 0.39 11.5 0.?21

1 1 1) t1
UP91 t! FPtFI l'yJl4 ý J11410

I-l.A~~~ Wec*~i4 0 0 30 236 AtIlw~ivw

1410 1 .3264 AAisip3e~
1005 6,415 Ad~eivo
139ý 13,0112 Noom

1071 9 1 304 33( 1.431 N~fsI

1335 014.4 Will Wiv

lOSS5 10,1610 Noto

A4 6.4 A 10(0 1335 310 Aaijlsov
12100 1
I AX) .

306 1,401M Allh~iic
,175 MOM(0 Nolt.:

11i-a l~lr'vlicl .lew-, ip I, IFr IN. 11,0 1 1!vim; ""

in ceth dci ronPul(ird nc'Yi IP* MI it. llicc, i

il 'v11, v sIp -M i. 0111. M ie. Il W ,' ,levV. c 1re'cv'L cc'r "~ceo ýhi. I hJj 'I", It,3,1 r .clipcisIrI 'nI~rrn SIhc awi CP 11iii I,.

(110-V111 ;'aslc. 10,J', uii



A -21I
r.AotF Al'19, EFELtT OF 15 F IRRADIATION ON TENSILII.&3iEAH STRENGTH, FIEND STRENCT34. AND

FATIGUE RESISTANCE OF CYCLEWCLD A-Z ADMEIVE MNTRILE RUBBERJ'IIENDLIC)
TESTED AT 7s, Igo, 26n, AND 300) F30

0)

PR~r..Ie,,oeiIure (11 i 2(130 190 0.09 235 0.10
30.5 9.21 109 1510 423 021 473 0 3D
32 2.8 0ý' 1~ 92.0 4`1 0.,6 55.1 0.29

307 93j of a0 3360 436 0.13 46.5 0.04

100 10.5 9.2 109 770 374 0.49 418 0.54 5w0 66 0.11 76 0.133
26 2.3) 1010 79D 464 0.59 519 0.60 560 26 0.05 30 0.A
8 o.f 1010 1480 282 0.19 315 0.2i

260 30.5 9,7 x 100 W8 386 0.44 432 D.,49
26 2.3 1 036 460 so3 0.33 $r, 0.32
9ft 8.6 Iola 880 133 0.35 its 0.37

5011 IE .. 30 7 6 0.24 302 0.27
32 ?S1 3Q38  250 70 0.28 78 0.33

1A 3.! 300 318 1 65 0.44 384 0.50

Adjuil@Is

Room loftsIAwfo 1 45 2.1.7 0.36 26.5 0.38
30.5 9.7' 349 333 21.6 !)116 742Y 0.31
26i 2.3 3030 l38 39.8 0.37 22.3 0.39 327 S.9 0.m 6.8 0.05

59 4.6 1 303 61 39. 0.27 36.8 0.05

Ho0 8.8 1. 109 54 5.9 0.33 6.8 0.32
26 2.s;- . 03 9.I 0'15

a373' ~ 2. 0 ,40 27.0 0.44

760 8.9 YP.i !09 4? 8.3 0.39 9's 0.23
32 11~j ~ 3 631 0311 6.9 0.20

"0Orl 45 ?.W 0.36 80 0.38

637.89 7.11 :0, 1,,. 4,1 V. w 5i.3 8.23
17 1.,92 ?il 93 1 344 8,? 0.42

370 1u01~ 1 4 1 2 j3.:1i 15 00

a.3guff 53lf"It

irm 0 1go ci0 ".ti i ij 3 i~oiU!

~~(1" Q~~N'l 0 0 11) I AuIaivioy
iOm 45M Aiilleivol

9.34 3.941 NOW3,
933 M0,00 Nono

W60 633 A11101111
533 MIN61, NmPo
W0 10.330 Norio
'0W MAY,3) N'0nP

S ~ o %InA it,~i~i Pon.

%IlArIil di~vAul,,, rFu(I'e ir If, "Crtu'd IM 1.1m %eilfl ýr
%pr-n wh Pnmv 0Ifli oieul,!3b w~n ne l 1) i riaI,w,t '

ww lb hr, "I 16ý vv 1, 1h om-,, NI x wi- r. ip:ý m vhlovep*ff

(01 I 1 rW .1h*em hCIs dr. i
0
~iu u q~r i' o ,e,,3*%m oe Ioir~r IephI i.oe9 1(

rf i W 1"M klfhm



TAJ4LF A -203, PFFECT OF IRRADIATIONO) 0.1 TENSMil-E-HAR( STRENGTH OF EC 124t
AN!) METLUONI 4021 AL)IISIVES (NiTRILE RIUIBO-liPHnOLc)(b)(35)

Exposure Dole. Nuuibet of Teik-hja iwMixh, 1Wi
eggs 8-1 (C) Speclineriz RA nge Average

Nonie 34860 - A!"60 110:10

I X 1(310 37-10 - 4450 41810

1.7 x1010 N 488t0 - 4800 4710'

83.7 xi Q10 1I600 - 1700101

Mmilhonii 40 .1(o)

Nonse 4 4600 -(100) 411 I1

H. ~ II~ A 10 4HI10 - .050( 4901

I N 1010 :lHH1s 12.00 4:0U

1. IQ'() 34101 Ch 41( 412 0

(a) Is-a diii luii 41 411jul lcii IV 11p rm [llife,

?4sdtlbni 40.1 :V0 1', C) iiIn, 1001 til

(c) WC-1244 fainsinuaciurt'd by hilSmii..jitA Nfini'si T, malufactur~iti (Cl. as a llylild,
(d) Meilhoiud 40V1 insitiiiacturild by Nrarmico, hi;., As litiild wsid as a tope.



T ABLb A-11, EPPECT (W RAVLATION OIN TENSILE-SIJKAH 8TNGTH OF BONDMASTER
.240 AL)HESIVE(N1TAML RUBBER .APOXVI-)('1 5 3)

uamma Axpoa'ir Dm~, Number~ of TemuiIt 1,S),ar StrflInIIh. II
ergo g (L;) speclillns Ranp vlg

8, 7 x JOa 2000 ~

8,74', Iuiil A7l iauo AL foil oOipOOu
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TABLE A,21, F0EC1 OF 75 P~ IRRAVIAlION ON rFN~lt.E SHlI-AR STRENGTih. BED67 STRIENGTFI.
AND F'ATIGUE! RESISTANCE OF CYCLIWELD C-3 ADHESIVE (NEOPRENE
RUB)IER.PHENOLIC) TESTED AT 75, 180, AND 260 F (10)

reisieShemSlngth

Rod~~wri Mill)I e I
1 i5 c) I'l m.t ~ n

Rono Iemmalwo 0 0 25NI 113 0.01 12 0 .1.15
1MB 27 .0 ? 0.00

2? 2.4 100 1 1200 :3s 0.12 151 Oil3

21 7.1 1010 M~ III V?2 121 0.13

031 0 77D 46 0.06 il 0.01

Adjuiplil

Tovtmo ld111140, ODW. S1011.t 1101

1: I 10 7 !'4111-* 1Ic) Ii) In '/18 itl 0 IIh 1ff 1n ll bl igJ
PALO' 14v~li 0 0 203 7.9 0.04 8.9 0.01

11.1 9.1 1091 114 14 A'0 r 3 a .,
35 1II' 1 I. 01 2 ;ý II? 0

1A 13.4 Us 15.0 0.30

1"0 5.4 0.2 t5' 10 .8 020 16.6 U 22
05 3. 1 llJ4 0 04.6 0.73 16AJ D06 5S 26 0.06 3.0 0.06

.06 1.? loll, 4 & ? I Ss 6.11 1 22 0 v 0 Cl 0

260 q 4 11 7 10' 4, 21 h 0 i :0 3 030 N1 10.4 0 is 12.0 Oil
It 2.4 011 i kif )1 (72 5.,0 0 if,

MIS r, f4 )Q0 i 0 0 (1 0 II

FAIINM 51il"th

11(& I"1, 141AIVIO 0 0 l&M 1W7 Will
11111( 1.1101 M-101
l4" 9 '1,61 WMdI

14191(l 1206 1,10.1

01.5, 9.4 1 0111 All ialpi3 In limillinp

IN) qIA.OIAII le0vIM1 of th gIV1a~.1, !rývejIe A~e'ladiny l the roujlvv '. I I1

I 'Il~irmh 70vlost vi llu rh III rom f*F rlr.4f

I AfiIIIIm.'ichl A I' ig~ A llP live sorcirient Ilimbirmlf .9

Ill fill W ill 1l nifimh, lb.
I e) Iv 1:411# hiell one Dt tioe lv.' fllv valume dmvaloo pit' .'5rvls YIiv h ll[n driagC.. .1 *.' f.-rd"diIi Y.- .I'lr7.tr 1 scoix, I.II',v0,.a1 v! III

14. e'left VaIU2 d~scardidl
il ) dtuvleA he01 nl'1)IMh. 1b.



T'AOLaA4OS. EPPECT Or RADIATION ON TEISILU-SIJAR STRENGTH OF METLBOND
MN3C ADHC-ESIVE (NEOPRENE RllUiER-NYIN -PHENOLIG)(A b) (35)

GAmlins Expowure Dow, Number of Tew~i1f,-Shest Strength, a
~ri I C)Specimens RAnge Averagc

Mtibond MN3C (Ll uld anid Tapu oil Alumlinutiu

None 10f380 - 3110287

0.4 x 0 III, 1116 1130

1,7 x1 10 88 108,. 1f37

MOMt~A~id MN3C (Likilld And TAPO il MArr II

Niu1)100 1.O .000 1070

6.,4 x IO oi 01 10 P4 '0111

I,. ý1 x 1 0  
'10 10 1)Mlt

() Iti Adistiun and tosio t widt it td it M I W1 pirrArrrr.

(ba) C;Urf:: 32h8 P, 4h. in11, 410 PAl,



TAOLE5A -24. EFFECT OP 7C IRRALDIATION ON TPNSJ.LE SHFAR S1'P.NG*ri OFIVIF.T1,UND ;MN~qc'
ADHOSIVE (NEOPRENE At.)DER-NYLON-PI'INOL1C) TIRST!D AT 75i AND 180 F( 1

-- _________Tonsile"Chear Sitigtli, psi
Tail zfwairol (Xc) ___

Tonparsturor. Ft M~~zun Mwijiyirnu Meati MAXhrmiiui maiiiniiim Ma1ai (Xr X.J *p'"

Rwl 404 1.1074 1.1000 -272 owm

7076-TO tUiidAd tit 707t)-TC UnDC1d A11111111UIII

R(H~m 1k1U! I

Igo. 114 VW) 1100a O His "'I. 14 1~414

(a) Hadlta'Iid Iin air tu 2.4 x 10)cigi g" ((:)((U Sr 10J.1 il)vt,1 il 1l Iyt. 1 i 010o 5SrA11111/ mA),
(b~) P prou IM1n mt Mb per cm i- coafiduinx inivi viaI



A-27

UU

z

~ 41

m . cl1 t

Ito
i

,4 ' ,d , r

-o L - •,

,., d o1' Ci 0 , 1 .. 'C d 'I r



A .28

a. .1

Fl,

LM 

LC.

W. ~- -

P42~

41~ 
41 .

.1' 3



Elu

rlf

4 w

ti(. ti

114

cf.



A - 30

I I
4'

� �'I �

:4 �
8)

81

8)
.88

LI I 3I�

*i
8 4 �

4

0 �

0

0'� - "8

0

�..,s .8
'88

8;, '-40,
8) 8

fl8�

z N

." U
- -

II .�

U
g
U

44 -�

8,4'2 '8� I

: CA
8 n

I,,

- 0
U

�'
80 G��J

I
81

88a
� �

8,. 818)j

I � '� 24
-I '-
2 ,-� 8) 8 (� .. I



A- il

IAHL~A -Ht. MANUJ'ACTUIR!'S 01"'RAN~ I-'ltTR(.)T'LiV I: GOA.TiNG~IS
A\ND GASKETIS(ý8)

ManufaCtUre r

A. klki oy-Y)50, Ai-npliusive-8O 1, The Atlas~ Mine.ral Products Cornpanly
Amprcg-E, Ncobon, Zerox-IlO Hiouston, Texas~

Smuith Ciirate, California

13.ur r ct t S~ti Bar rett Varniijh Company
Cicoro, Wikiuois

Corrosito-42 Cor romitt, rorpordlfln

New York, Now York

Duralon 36 U. S. Ston'eware
Akron, Ohio

Dua Pont White E. 1. du Pont du Nom-,urs and Company, Inc.

l~ysia (:lad NurchILditAu Chumicai1 Compa~ny, Incorporated
Nt-w York, Ncvv York~

~laica go, Illhli n~1j

Epon-O0I Shull G1141111i d Gorpo rat tilul
New York, Now York

qukunilito -4'i Nkia(im Product H CorpornuitEn
l1iffhhlu, Nquw York

Phlnoiil nc**3, I'olye hkd Sciklcodt Ga rhiclizie Cozzipimy

Pr tiicuwt Puroa t Laboratory, Inc or porated

Gainlbiidp., mils.q.,Jhiuctts

8411ou a iIi ln Xkyci Sc.'ia z Goip~ r: t iorn
MilhvdkcL, Wiii~ons~in

11cil'j,, Unoited Croniimu, Iii orplvatLclt
New Y rk, New\, Vork



A -3?.

TABLE A-.26 (Gontinued)

ManufactUrer
Unmounted Cn~tilg•

A-89-A-Black Gordon-Lacey Ghemical Products Company
New York, New York

Ar.nrcoat :3trip, Amerplato Amorcoat Co:-poration
(T-Locked, Black and White) South Gate, California

Brovon-Black Atl.as Powder Company
N. Chicago, 111ouis

G. E. Gocouo, R. M. lHoiiingshead Corporation
Camden, New Jeruey

Tygofllm-Blue U. S, Stonowro
Akron, Ohio

Flame-Sprayod Polyethylene The Powder Wold 1.rocnem Comp-'tny
D3rouklyn, Now fork
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TAB P A tf. c;LION I ct)NF 'lI. LA' ION SYS H%; M6 ANID C(INS [AU l'-IONS) '1)

.mo.t d C tt4I III-il

System W ire' Wire Inia.Ilation Phase I lisailuion L.erkd litsulati-i Slot S$t~att Varnish,

A AW( O II ~ bv 8  .... .0lan l.)saIFca.I .5ilt-mir-varnished G-7 lr'~hs
copper varnisha SylkycIC-') eflicorie blinded glans jiiICinig liamirast,

1090 bond

B AWO 18 Double DANles~b) Olao a-unica -glass Silicone-rubber G-7 silicone-glaaw Do~w
eurper Sylkydl 109C0 btnnd s)ailetil Itnded glans ;;LoOyiii lam-note (.orpinig

997
C AWO IS Modified silicone 1mo -~sm~ica glass 5i1cro,,e-varnished G-7 sllieone-glaes

covipctv titineml Sylhyd !364 6111OVIi. k'onded Rlees Aleevir'if laminate

D AWG 19 Doublo Dmgles Gh5ebetu 1(ione-var,,,.ed U.-7 slicaue-RIAei
copper Sylkyd 10J90 bond glams silicone gllamss sleeving laminate

bonded

Motor AWO 21. Dotuhls-glatil *Per-iril Isemc.. e RIIAMI~C.anfulated 0-7 sillcoris.11lee Dow
copper N4y)Ikd 1090 b.ýnd millculsis 6014od lord Wire leimmi,,al Corminrg

997

Irormittle IfnlDal*I'l.=ix!.n

x;emta~A 04I 3/411, mIeel tube iaps, alI),mr '4)) i. 0, 010.1.

ii at. duub~-CSiaae fl ) iiiIst fillh ip ,~a , miiloi I'ibli rtAi iPi, 0i. U.(1 it', full I 1w

srrvstl, blindesd with sill. - Waidelilns fuall. flock Wide

cone varnish Nyhyli Ii09Jt

Wtil 'amitl ?,abtle 12,iat ructiala

U Nu, 14 stranded coppe~r SJiletial HU (MIL.W -Ii7'fA Tyj,' MI-Il virv)

It No, 14 sitreaald ciuapaur !"Iulusti 80. 1/64-iia, wall, vii ,al.- mlly

Nit. Iii 1mraiadd copper Sieaoti, 5-dUU, I A41u.n. wall, visdt ~aasrd auily

.1 -Na. AZi IrAndmil tI.Iipr Stilest,, 916, I'~-auil untIl imdlti toir aauuIIstuaata, iiiiitrinal,)rsstdliraill,
S11-11"ti 916~ 4 stile Jupaits) i/6i-ait. wall, lpast. unt0 4 hrt at 4810 F

(A) Sylkyd is a flaw Coriiiihtr,g T irrvittrit (or Wi~aattaa v,aasamitaais isnil tl~ i~ . au I *-a thaian ta aIaui'i. tr,,itia, nrl, ftar asililn,

(b) Ditglass ai I trAdit de.silgarisaaa. lot jllinn-ljiaa ruta, saia~umiuuu
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TAUIAX A -31. HIUMIDIFIED INSULATJ1i4 RESISTA4NCE FOR SILICONE -ll`t',VI.ATF8t) MOhTORETTIES IEXt'O.L)
TO RADIArrN AT 200 C (47)

Cindtironed 72 lir at 30 C a~nd 100 For Crnt P11

Exposute iwulatLon Rcsistace a 0golimi
Erg G-I(C) Systemn N~)~-S~c

K 109 Ntegatrads "Iat 200 C 1 2 1 2 1 2 12

Mauc- to -Phase

0 0 0 570 500 4000 7100 11, 000 4000 q60)0 60000
3.2 A5.2 760 70 00 40 140 V., min 2500 '4. 1l
9.2 101.4 21.0 8.0 22 0,4 le0 Units failedi 0.115 11.

14. u 153.13 31.(;o 14 199 4 5 q02.
107205.0 4360 0 00 5(00 600 bOO .
23.25.6 6420 3.0 1. b 120 130 b.0 1.4j

27.7 304.0 6400 124 3.0 410 18it 0.11

0I 0 0 430 2V0 ±000 U00 Wit) Hh 0 20(1m
3.2 36. 2 '1.0 au (JO) Iii #0 k50 Hr, lull
9.!9 1111.4 21(I111 11 38 lit, 10 Units failed I.1 fl 1

14.0 lb 3. 0 3200 u 87 1, H 140 44 111 90.
18.7q 205.0 4300 05(0 230 640 400 170 Q. 7

222 06. 0 541.0 1.0 1.4 7.0 t.6a01
21. 7 J04. 0 (1400 1 b a. 0 V30 W0 90 0.11

Nowso mulo;uIte, weir raimoved perroilieull' fromt expusure cuL(Jllija ((it1Vn lotitala outiCSj ~ lI~t Numinali I cx3ommr~ cyty
Kutbec l tuei Val(SI loll) Wý41 P,0 tfWi7rIR.(rdiajL'd rate! wag MplNiuI'/0.06 imuto(rad/(mr. ~si~lplui firundIimd at

200 C; wcre cipovid lit a 1.0-cu ft colivec l~uo uvaii at 200 k 2 C. Overtlia Wlot-a~tcd adilaceint i,; t~lLv ridIulai~lo soult'f.

Ion t illu of samrti lns wet e perfodicl vly chilo ged 0o obtal Ii ll ormt radlifo n dossc.

Tesli pteehourjt we're substantitally tho same as It, A1P.E No. U10. M01otoretle Wore s1OW~d to 11abliiLe At roin lu oipuratutu

afil'6 tcwtIVAll frout aw*lr oiltloiun. The I-hr vibration j~etodn was followed by proof tests at (000 volts a-c plialic-to-
pha asliad Phoetase t0 i0IIi'. gildt Als It4 .1910 volts a.. turn -to- turli. Motoro ttes wc.' tlien subJec~ted to lol00 t cvi itil l at
3U C for 72 lit. At the end of1 this humitidi fication rcinod (atid wfine the muotulOtuse were still ini the Ill l11iiiilty chil titer) the y

'I fie red unit of exposuiro is mqt~~: . 0w A~ iboucd energy per grami of ainorbiimg Inatunial.

(,I) See 1db!.c %-30 for Systeml lclthpmlollb. N~inioral I ;litd 2 reler to ultmther of mmooreletic inplets ivtetid.
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T1A~ly A -32. HUNM!DF1ED INSULAT'iON 41kSISTANCY. "OR SPACI,( F- INSULAIIhO MUTOIWTIhý
EXPOSED TO RADIATION ONLy(

4 1 )

Conditioned 72 lir at 30 C cnd 100 Pk-r Curu 1W

Ergs 0-1  
-______ Insulation Kes~misace. Megohrlu

cc) x log Mcgpradt Syatem AC' Slilcin B2 Symtein C lb, stemn L

0 0 1550 180 3000 2200
3. 521200 112 380 120U

9,2 101.4 40 4 is 010
14.0 153.6 4,g fl.0 U0,106

2773064,6 U,0 .4 3.0 0.24

0 0 boo LV 0 080 11(00
3.2 05.2( 701 IQ 200l;
0.2 101,4I 0,6 110 8HU I b

11 Mi.04.8 4 6 a G;or
L6.11 V05.0 0,7 7.0 1.8

2Mi.2 No re'!lIIllig 0. 2'r 5.0 0. 90

27.7 0.4."!0.0 0,30 2.0

(a) 81- it l)(A A -30 for !y~ tui c, Sie&CI i v 'alu 8~ 1- 14 foir CAI p rouellidur
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TABLE A-37. RESULTS OF PRELIMINARYPIRADIATION OF
ELECTRICAL. G.IB3LE INSULATIONS,4 )

Cable Identification(a) Rubber InstdatioAL Serviceability

Tested at 350 F for 185. 5 Houirs and 2. 86 x 107 RE.P

£Oringfieid Wire & Tinse! Cornpany

(1) Compound 8-205 P or-fair

Boston Inaulated Wire & Cable Company

(1) BIW #20-71 Fair

(2) SE-81606 uood
SE-555 (jackke') Poor

(3) SE-81686 Good
SE-555 (jacket) Poor

(4) SE-81686 Good

GenierL. Elactric Company

(i) Waterford Coaiputwd 814V7 Fair

(Z) 13ridgiprrt Compound 1527 Good-exedlent

(3) SI 53917 Peor-fair

(4) 81 53916 VOur,. fai r

(5) $1 57420 Puur

(6) 51 574ZI Fair

Tout~cd at 450 F for 69. 3 Hours and Z. I x 107 REP

Boston Iasulated Wire & Cable Compa7ny

(4) GE 81684 Good

General Eslectric Company

(7) Bridgeport Compound 15ZO-83 Good(b)

(a) Numlbers refcr to the ,t'orrne s imiwgly imi hered itm IH 'alhble A-38.
(b) 315 hr, 480 IV, 4. .5 x 10i' r/ir, dyn a ii , lly' ilexed kis tUi •.s/Iinl. I.-It! 11t fJlI 1.'.dCr theU s condIth01 s.
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TABlLE A..38. ELECTRICAL CA13LES TESTED(4 9)

§2rin field Wire & Tinsel Company

(I) Single conductor, AWG No. 16 soild nickel-clad copper, insulated with S-205
silicone rubber, te.mper.iture 500-600 F, no sxixtal shield; used as a control cable on
nuclear reactors

Booton Insulated Wire & Cable Compan

(1) No. 20 AWO, mingle conductor, 1/3Z-inch compound BiW No. 20-71, with nickel-
plated shleld, temperature 500-600 F

(2) Nu. 14 AWG, two conductor inqlad.ted with 1/ 64-iiw1h SE 81696 and jacketed with
G,.E SE-555, tarnperaturV 500.600 F

(3) No. 14 AWG, saine as (Z) with nickel-plated shield

(4) W,. 16 AWG, iour conductor with 1/64-inch SE 81686 w!th nickel-plated shield

General Electri. Compmuy

(I) Single mtr'aid, single condw.utor insulated with Wfterford Compowid 81427, tetipra.

turn 500-600 F

(Z) Singlt strauid, mingle condimtor insulatnd with Bridgeport Compound 1B27, tempera-

ture 500-600 k',

(3) No. 14 AWG, simiglo conductor insulated with S1 53917 silicone with glass braiid,
tenparaturu 500..(,00 F

(4) No. 16 AWG, singlo conductor insulated with S! .53916 NilI#,,,1M ,,Itbhr with UlAs,
braid, tornperatuvi 500 -600 F

(5) No. 18 AWG, ejilcone rubber SI 57420, asbestos, glass braid, temperature 380 F

(6) 1 14 AWU, tijhcone rubber, SI 57421, asbesitoR, glass braid, and Teflon-tapi

iniur~ation , tcmpu riture 750 F

(7) No, 18 AWG, ,4ingle conductor insulated with Bridgopurt Compound 1520-83,

tenperaturo 400 F
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TIt L A. 30,

lI'fduI1~~~~t1O., I(r IVu.' Iz~dut' itRIlauace'l it PIll F IHeatAgd at158 F
IiAtlisgliul, er A g- Ii (C) .- ,tecl at rTit .. dd i 'Ive -utrd it T-lneiI .it Tested at Testted at

-- it Y0 it Pt IU9 t 1a (-1 R 'Il 8 Ri 158 Y

200 pi:t C1 Modkillu. Jsil

0 ( Slo) SHlO sooilI 800 580
I- IIll 0.8. B4 1801 49'u -- -~
3 1. 68 H- Voicrue. Broke -

3- 1/1- - -- B 8

-31 2.1 )SO 730 -.-
1 3. 36 o- -I o- IO'I bO1 --

7 - -- *- -870 62e.0
1/, 1"", 90 tro~ - - .

10-lie S. 37 D- liOle B rouk --
14 - .930 630
Is Fl.4 Broke liuol~tili- -

Z2-1/ B1, irul. Broke --- -

28 --- --- - -- Bruts x

()'loot vavlex iol. tihe I'Aut-A~S8 parrples aire pluted in tilliIC appuminuxtet relatilonship tl) tite amaip~thoa Iri-adioted at
1111 F' ktkod mut i thoo linto of Rtipouui ror Itt thut elepysted troilioioieut-Iro. Thri tiniv of i ,rrtrlhattoi waa cumptited by divdidngl
tIv Mxpu~llualives 3. iI tile dosev Vlte, 4. JJ x I U en-s gI hr j, V/im radiaCiul flux tu which Ui. smniiplep w.'ra
expitsd ait tIll- B3rookhmaven National LjoborAtury (.*iw&6~i I'mc lilty. With thill coiuttIuld. tile 11111plas ulradleteul At
06 Yt Iwore sllibJii lned to a flute ru4tv of Z. 10 x i107 arilog".I (C) lir"I, hUwever, this hIghs ' dcam rate was Ignored for
ithese I b'I.-uletiouite,

(b) The~ sia~itoloo eic udlatetl ;&t a outut tonietperati~iur and Ies ekd *1 IS VW wu ru rradiut,1 at tIle* Mats cialN Totulsl-i Hseatoti,
641111114 Jri alily, i. '11 riialleor. (I06M we,. silipliy hngiir istoll.. tv- 1,'y 'thoikOi,iplela irl,4dlete-ilit tike

jittit I, j x Io~j " lIg 1- (C t),
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lIRRADIATION AT AQU M I E.MPER A I U R E VqD Alf I I, F. F, NO) Al' 1 1-1 PW I A G AIN(, A I
Iu 'IA ,- 1."I

I,' ad~attun or DGce l~radia~led ;.I RIt__ Irraiateld at I S8 F- I e%1tAl I r 81
He1at A~lin(~'), el ga I. I(c) Tes-tsd at Testod ,.t '3 rae 'At ieotpe. at Tý2 .1 fmet.Jtud.11

x 10-
9  

HT I~ ki b FMj 15 I'ISF 1 , 3

0 u IL130 1310 1 Ck0 1 330 13 'IV 1 13-it
1-3/8 11. 34 -- - I ,1 I1 AS

?. 1/4 1.1 -74C) 1Ž0-
3.I .3- 1Z4 I 370k
5-/ .11 13 1230 -

7 '41860 1350 --

9- z/3 "I8 111 2.050 1460
S4 3,.4 1150 1.160 U-

I roI'e I'4"'0
'0 114 - -*-/11)I30

0 0 390 too 10 / .1190 120
1-3/8 0 N4 ".- 30)oil
2.3/4 1.11 fil -- 60 2001

S-1/2 1. 36 1*1 140
7 4. 4 1 ill) l100- -

14 84,4 ifil' 40 .- --

14.I 1. iIe3 .--

1./404 YS----

11/Z 1 1 71H 144- -

5.//I 4, 1 60.

/ 24. 6 -95 . .
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TABLE A-40. lCutthmed)

rime of Radiation
Irradiation or Dose, Irradiatedat RT Irrediated a.. 158F - Heat Afeis.AL 1k 8 F
Hkat Ag!ng(0), orais ul (- ) Tqstei at Tested &t Tested at Teooted at Tested at rested at

day• x 109 R.T 158 F(" RT IS _ F _ IT IS8 F

ZOO Per Cent Moduloj plsi

"0 0 1340 930 1340 930 1340 930
1-3/8 0.14 .. 1630 1210
Z-3t/4 1,60 .... 1620 1230 ....
1-1/2 2. 1 162;0 broke ........

3-. 36 .... Broke Brok.
7 4.2 Broke nk .....
9- /.87 . .. Broke Broke ....

14 e.4 aroke Broke ..
21 12.6 Broke Broko .
SO -.... 1950 Rroke

150 -.... 20304'.) Broke

(a) Test values Ctr the heat-aged samples are placed in their opproxlmate relationehip to the samples irraditatfd at IS$ F
based on the time of exposure to the elevated temperature, The time et irradiation was corwixted by dividing t1%
evosure do#e by the dole rate, .SZ 5x 107 orAs s- I (C) hr-

t
, 1. radiaton flux to which the samJlas were .xpos• ed at

the brookhlaen National Laboratory Cmrnma r/acility.
(b) The sampls lrradieted st rooM twomporatirf atud tested at 1S& Ir wert Iradisted ot the U..t•l•ia,|i TOstivii toauwi

Oamnifs FsuilIty, The radiation domes w•es slightly higher than those received by the samples irradiated at the
BLrokha'ven NTtional| La•bratury Gantmma IracWty, Zxposure dotse* at MTt were 0, 2. 2 x 109, 4.4 u 109, 8.9 x 109,

and 1. 3 x s is l (C).
(c) 8r•,, '4,,:,,bisls teeu,
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T'ABLE A-42, E~FFECTS OF NUCLEAR( RADIATIO)N ON TiIM PHYICAL.~, MtECHANICAL: AND Euc(.1R.1CAL

PROPERTIES LW A '1Ai;-POLYES'rER ANU A SILICONE IAMIJNATE (1

1rradiato1 x 100
Nordiradlated

L -4232 TAA -PojKiy3 LX; -2 06 Sillcton~ _____

Tye est RT,, 480 F/l/2 lit 800 F/100 lir R. T. 450 F/1/2 fit 500 P/100 to

T60101 loeo 94.3 114. 0 111.0 101.0 0l7.0 9.
(90~' wxjp)

Primary rnolulub 101.13 03., U LI1. 0 98.3 102.0 R2. 6
secondary Ihlildulus 108.0 304.0 11%0 ! :. 'A. ui j(0. /

Compression suess 9A, II 14u, 0 114.1. ub((.b U-1, 0 S,.8

(00* wasp)
PrIrsiaty rnVIWIIu, 11.11, b 106.0 HlO, 2 10010 ( 112,2 8

PIexulo ,ueu 119.2 140. 0 1 I.2 Hb. 1 1,0 IOU.0Q
(00' worp)

l"Ifinary modulul IOU. 2 1 0.0I 16I. 0 1:1A,4 119. H 101.0

In1tcrI A 1314 I az h '14., !M.3 1~.I 78. l 70,* 0 T. 1

I1Cluell3i ((300 Willp)

1l)I3I4L''. Iffalslh(i 83. 11 3 0-

AshIII uLWIM-uI 100.01 - -. 3()(I ou u

maIlO4Uc~ ule otanil 10J. 1' . 101.0 -

Numu E21posurl; dole WA; I. x lol cigs PI1 I (G) (ll x 107 I4hitwotewqI and~t , x ( 101" v, 11),



TrAI 13 1- %A C OMPARItISO()N 0OF PR E- Ac,7'- I OS I'l tItA 111A'IO 10lMI r:I A lC ,A 1,ROI' KIt;RT]

OF 12' l'tItiS OF LAMINATfES i

Iflt...Am--

'1'nilse Moduiis u Oil Vl ev nj 1*."- Nott Il sl

Stregh ERia~ti cIty, Strmi gil, Imp9'act sp'- i.1 C mor tent.

DVer~i~LptiOn of Lammat~e F I "u 01 psi x 10-3 f~i x Io-6 pot x io 113 b in. G1 ravity pm' ,r i

Phrciol resin (Conulon SON) and C.At rol 1)2. A. 3. 57 Am. 0 195 1 .98 23. 5

u13.5 fat.ric 1 51. 4 1. 16 64..00 178 1. Ml 44. .1

A 51, S 3. I'm' 03. 7 166 I. 96 21. 01

3 46. 5 3.01 65.0 183 1. 97 Z22.91

4 7.. 6 3.11 1r, r. ISO I . 1.-7 2. 0

Phenoai. rosin (Conolion 506) and Cujittrol 11.9 1) 1tm Vl. ) A34 1 . 51- f2. 'I

Pimb.-slmm fabric I IA. 0I 1, 1 !. 1. 0 Ila 1. ",7 60. 8)

A 17. 4 l.IC 1b. 5 3? 1. 56 64.1.

j 1.1.6 1. 1 10m. 4 3 1. S8 60.0

4 1 .1 1,011 16. 6. 1.5 H

Phonoi( resin (FlIAO- 19) andc Slosp Control 4 1, '.3. 03 tA. '17 V l

z S1. 7 3.7. 61. 7 4,!0 .73 Il

3 46, 1.0U4 SZ.~ I?2 e) I(j

4 55. 3 3.0oi S). il 1311 1, 94 l(

P10e"alm, ctmtr019 1 ~ ~ u 1). 1 1I. 41 1 '. *# 4.) I n .

ssjeto Ibr I10. 1. 4A 14 ', 47 I .1 ".

19. I . l 14,.4 l'I 1 65 -t 4.

3 1$, 6 1, 1 Il 14, 1 4 2 I . 60I) 'cI, 0

4 III1 A I. b 14, U qI I I I '- 4

9Am.~mi (4ipAll-fi I) And1 tCucnl 20, 7 16 4 V, 7 60 4 in) MO1 l. e

sehssans 1011M. I A, u f'. ()' 1. I, I.ý.'
Pi 15, 1.VI 1,)i Of ., 1,4 1-,e

All Allt~i . 1 1, 1 V-. 11 I, 1 1 4,

4 ~~~ I0( N- 1) '. I 1 0.1. 1l

INjsli ls).t #1 IN, 1,1 4Am 11' .1S

41I .A I 2. 1., 4 lot 1.4 0 M] I
( 21,14$ 11, '1 l(' I 1.4 II I. -I

h;.v1mly henm 1)li 124) mA lfMAss tC~mit i, II I. u1 .1 I ellI I I,

.94 ", 7 f .1 I'm I. '4.

I %I.'I .,$5(in4 1. 1 1 qf .I

0?4 d1- S4. 111 *i -it, 11 [1, 1! 1' 2 . it

I.ainminky t'mi "~pmm 424),i, mmmml 2. -1 1.1.4 41 , . ,) " 41,.1

.. smuslm5l,1,nm 2,, 0 1.V74 16. I '' Il . "0..

0, 4 4 1 70 I7. 1 4t v .s

P:"X Ivs (V ul.m i X- 1 11) Awml thm,,trmlý e 1?,j 3, 2.'I. H I"! , '

-1. I .'.1 H I HIRI

J"';m~i m~m 1 ,~ 41- IE '.1 fill ( mti~ 25.4 I.'I ) 2 .. f'..
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I ~ ~ ~ " G~~ ~Muii ~~a mipt -i v., Nutc h Rt iiin

St t~i~h 1iI ;Leu14th, I mpmLI Spe'm 'Ia Coutitat,
Deoription nf L. diabte F~tm(") fla x 10 p ai x1- ntxt-a i. Gaiyprcn

Pvly4va' 4,t rein (American, Cyanamnid Cmrt.-ol 48. a. 4.91 2 6 L81) 2, 04 'Id . 9
42.12 and glass fahmi 1 48. 7 3, M~ 26-. 7 241 2., Oz2 30, z.

2 49. 5 4. 88 3 0. 6 2111 Z,1 02 30. 4
A so, 6 L..as 211, 0 270) 2,120 31.
4 So, ? P98 28.14 281 2. n3 10. 4

Polyeatur tarnln (Ainericato Gymnolmitt Control 19. 6j 5S. 20.61 41 1 . C-1 64. 4
421t2) and sabottc.9 fabric I Ia. s I. ýI 40.0a 4 6 1 , 72 60. 4

a la, 9 1 .48 20, 7 45 1 ,69 60.71
3 1 1. 1 .1 .S 21, 0 41 1 .70 65. 3

_____4 20, 0 1, 42 4).. 40 1,.70 63.3)

(a) Gwarcua Va, lI 4 at 'a-t~t~ 'u
1.'11 Lm-iiZ'i1) hip V)

I ~ ~~~~~~ 9.1~ '(I .at~
2 m.3 )17 I.2 x I) 1

x 1011 4~l x,2 to14
4 9.3 x lul, 2 A 11115

All radtutticn was at tuicmintrullaI aumblien111moc~rt .iIlimat-I. to , lotbutw,'ant '0 andI 00 F for Ilma thsvi luwati
)jlM.16 .lilt] ap(.e Im lýl'. 16 1 fm I'hinx 4, Tuotli,.; warn at rinom
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TABLE A-44. AVERAGE COMP'RESSIVE STRFENG'fHS F011~
T WO Tkt PES OF HONEY COMB-. COR F* TFART
SPECIMENS (74)

Av~rago inmpei-cumve Strungth of
Glaaa- Rt niu~odMaterial. K

klq'%x Uws~wpi 9IL I[lexco1 F- I O

c~ortruo 38 a5
1 23 1101!
4 Z458 1 S
3 4)436 29
4 2&117 1 Z67

1 . g1 K 10 "

j %' N, lo,1 K 01

4 IJ.S 3 g I' lolx 1M
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TABLE A-48, EFFECTS OF IRRADIATION ON HARDNESS AND COMPRESSION SET OF UNSTRESSED

NATURAL PUBBER BUTTONS (85)

Hardnemss Compremssio Set(b)

Mean Mean

Shore A 195 Per Geat Change, (95 Per Cent

Specimen Expoeure(&) Durometer Confidence Interval) per cent Significance Per Cent Confidence Interval) Siniflfeance

Control 1 0 i8 14.1

2 0 35 7.5 Reject

3 0 40 10.1

4 0 40 12.0

5 0 38 11.3

6 0 38 39*1 13.6 12.7 a 2.0

Irradiated 1 38 9.0

1 39 7.9

I 37 10.5

1 8 A7.7
1 38 8 *1 -3 NS 10.1 9. S5i 1.4 5

z 47 3.7
2 45 3.7
2 (c)
z 44 6.7

2 44 45 62 +15 S s.6 6.0 A 2.0

I (c)
3 46 3.6

3 48 7.6

3 53 3.6

3 48 49 *5 +26 S 6.7 S. 7 2.9 S

(a)

Does for Int4icated Exposure

I 2 3
Integrated Faet -Neutron

FIlux, a cm"Z (i > 2. 9 Mev) 5.2 x 1013 2.7 x 1014 5.3 x 1014

Integrated Thermal-Neut.on
Flux, avet (E > 0.48 ov) 2. 1 x 1014 8.4x 1014 1.7 x 1015

Itegreted Gamma Flux,
erg. X-1 (C) 6.0 x 10 3.0 x 109 6.0 x 109

Total Does, ergo S" (C) 6.4 x 108 3.2 x 10 9  6.3 x 109

|b) Compression set measured after irradlaaton 3L unstressed buttons Miethod ASTM-D-39o555 (constant deflection)

- 1t 100 a per cent net,

where ,, original ihbckneus

tZ a thickness after compression 24 hours at room temperature

t3 a thickness during compression (0. 300 inch).

(c) Specimens cracked excessively; could not be tested.
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T'ABLE A-5U, TENSILE STRENGTH AND ELONGATION OF SEALANT SPECIMENS IRRADIATED IN AIR (17)

Average
uDse Approximate Tensile Avemage

Gamma, Neutron, Air Tmrrnporatwu, Strength, ElonRa1lon1,
hitriI tga g-- (") IIur (E ;- kl,33 M-ev) F - psi per-cent

pit-1.422 Cvu)(o' Cotrolt' - - i 1 28 LOtU 2
A X LOU 1.4 x 1016 Vu38 ± 18 t 12
"x 109  

A x il o 290t 12,1 H i 10

FC-1010 ; zoll"0o Control 1" 1 29 k Il 1710 11'
I It0 llxt 0. 1 90 l80 k 18 128 1 21
7 I 20 t A x tolr IN 144 ,t28 d0o It I

EC-1b20 Couintil CmnriFI- 118 A 13 10 W± I
I.1-. x to') 1.4 oLb 0 1U23 • 1.12 t '229 st 1• 8 xA I016 90 J40 'M. 7

0 27

TABLE A-bL, TENNIID? S'A'HI.Nt; ii ANIP EI.,NUATIu.1N OF lhIiAIAI.TA'l" I.L3o IIRAPIAII:Ul1, IN VtJIiLF'/)

' ~I ujllrli.ltIIIa I IiuiiuiIILLIu. AVc~rag'

m-- )I~l han 'i'Ini~Tif Mum'I TIlc T Afrtw Aytwc.s
Nwll , =nh Itltdil flllI Irriadlati hln, S tl IiY h, l'ailgiatl Ii 'i,

MIstIIAI• c,141 $-1 (c) t 4u11,1 (VIC 'X'.1" McV) days d,,ys_ IM

Pk-H1422A l.,rol 360 " O 11• I•, I II
3 ;; l0o I, H i II ' 'A 11i 2 V •'0 II 13± L 1
7 x m Ifl II I loll, 7 30 Nilt 3 46 A 't

EIt- 10 11) Ct'itrl Cosiaol 3i0 132• l U V 1H
2 x (1 1, jI ol 7 1IW74 at 10H~ 33

1l. i It I ol' 7 xV(' 21) ) :111, i jI

V -11$2'1 (Cor'iI (..uitrtI_ 31) 127 IH ,1 4 ' •22
' In In 9  

II, t, '1 U..1 U/, I' I3 I t 7
7..i a JO IK' 010 x JII 1 III :, 1 IG



TARI,,EXA-Fi? PtFi. ýISTRENGTh OF SEAlAN'l SPECIMEL-S ~IUADI1ATE-D
IN AIR(1

7 )

Appvroximaate Avtera~gu Averagn
Do~ic _____Air Poo Chesive

a I'l norIprA uro , Strenigth, Strength,
0: 0. 331 Muv) ). b ill, pe~r coti

PR- 142Z Cutit rol (t~l-43 100
1. 1 x 1 10 1001c" 4 o
7l x lt'~ 1.z . lo~ IOý4 41 100
'Sx 19z x to' 90 ( 48 too
6.5x 101' 1..1 x~ lo",' 90 414 100
1. '4 UIO( 1, Z x 1016 ") 1 6 100

.~1010 1. " 10.( 90 6100
1,4 x LOWii 1. 4 x 1u0 169)0 7 100
1 10 1 16U 0 0

WC16 10 Gollrul f:(lt rol 46. a too
6 x 10 .9 I zo~ 14 Q 14 100
I x Io9 9 x 90) It OU
Ix10 ) x to14 9) ();.6 100)
I x 109 1 x Io10k 90o 14 100
1. 5 x 1011) 1. 2 x~ 90 5 100
1 x 1010 9 x to 16 90 4 100
11,3 x w10 1,3 Y.1 90 4 too
Z.5 x 1010 1, 5 x 1016 '90 z100
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TABLE A-63. PFEEL STRENGTH OF SEALANT SPECIMENS 1RRAf1ATED IN FUEL

~~~Immersio mmrmson Av'e. age Averagec
tka lifue Odom Tluou After peecl Cohesive

namma, Ncimtrov, Krradfatiom. Ifladjimlun, Strength, Strength,
Material ergs g' C c .. '13 Mov) days days lb in.,- per cent

IFR-14212 Qmko~il Cuntr~I - 30 43100
3 x 109 A. 0 x 1011, 30 27 100
1. 2 x 1 10  g9 x ol 30 H 100

SC-10i0 Control 0011mm.ml JO INI t00
2.6 x 0,1 4~ xA I1015 30 2 0
1. 2 x1010 u 4lol 1O 30 3 100

TAILK A-64. CCoIm~IVk N''I jrU1 (* SAIAFJT S~tA(~MLNN IRAI~b~~ATEDI IN AIR(''

Appruxmatmal Av ula' ~ mvaasil Ave'ragm
4 .. ~ ~ .1l4414 . ti Adhoilyo 441L! A 1V43

caumluis, Noumtfull,, empoirmt mc, WICm uma1, Strm't gil, 8110181e 1
Materlal arjsm 8- (c) 11 ~I'M ̂  (E A0. 33 May) F' pAl per ccim a ucutt

PC-1620 tUmmmirol (mru -177 a 32 0m l00
2.4 x 101' 1 x io'Dm 17N1 k 200
I x 1010 1 x 106 901 W14 1 0 0 100



A-63

1 APIF A-15 ('i CONMP)rSqON SET AND SOFTNESS OF VUL-CXANtZA E.S AF ITIP EXPOS111W. "'0 10 ROENTGENS '9

High Remanau Srifless

RubrcrlgomEnery Collp. Indent.
Rubbe Cud,~' SvtmriArtio:1nn Inf-A'rldelit nmm

N~atural T1uj1ollx (1) - Sulfur 803)

NisLutal Thionex'slulfur Neozono D (1ý) 73

Synptrl 1000 I'lionex-sulful 83 3 1

Synpsnl 1000 '1hionex.x sulfur Neouzwe D 71 48

Nouppu1 1023 Thionex-suifur L4 l

Naugapoi 1023 Thionex :ulfur Noozono D 79 110

SylinpuI 1000 Thloorex -sulfur 70 4

SyilPol lbolo Thio~ncx-suilur Noozonc 0 e 6

S1yuipir 101)1 Tluiunex-w~uhl SanlofleN OPi 55i 114

SilI o '1hllouex.c hil(ur Theuinuflox A (4) 66) 61)

.syupid 1000) 'I lioni sulfur TIhcrinflorrx A Dilbenzy) phtlais AtO 49 04

SynPol 1601) hiollsex -sulfur A vridinou 84 (is

appl 000' Di11 op 40C (A ) 1948

Nau.phIl VW14 ihrexIfur lie'4

Naupprhl 161)4 I'llollc4uwiful No.jigorlm U '11 401

Hyt:h 2(0U1 T111lunx.-fub r $I 40

Ilyu.ht W01) Thrluru.xi-sulfur NCIýuoll U IM 6

tlyrar 10011 T III ouic U ',bu I fU 1" &

Hyucal 1001 II' hoox- @ fl WN10..1x1u 1) 77 40

I IyCAr 1002 I'F liollex au Ifur841

IHycat 1002 rhue ufu Ncozouuc 1) 78 I8

II vuar 1014 1qiiijg. j)u - oIfr~ 115 42

hlycAl 1041 Ti'bluI LS -ulfur 88

llycar 1041 'Thimiou.- sulfur N, 1 nc 41

II yrar 10)41 Thi k i cx --us i(Ifuor Nt'rzouci D) ,is ~r 0 (Ii) 661 ts
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IA PUE A -i.(CO1t lit ted)

Ele ,g 0~1P. jIndva.
RbfI Clarug S ystemi Antix lailt lug red cluitt Set yo Will

lliy~ar P11hi iI AeFlP Rim llea i (7) 6!) 5 V

Ilycar 1041 Dicup 40C2 M 1

ifycal 1042 Thionem-sulfur 83 27

Hycat .042 'fhhrnex-sulfur Neozono D) IN 41

Hyettr 1043 Thionex-sultur 115. 132

lHyc~t 10243 Thlunax -Aoilftr Ncozoac D '4 31.

ilyear In71 Th lonex .w lur 7(102

ilyeAt 1011 T h! one X- 3ul fur Nrotull 1) 71 4

11yecu 10172 1l111uicA-sulhr 7t3

llyc~r 10 72 Thtitnex -sulfur Ntttamm 1) 67 10

Ilyvar 10121 1 fill nfix -slfoi WltIg4lay 100 (0) Oil 401

Phi~prellm VII-211 Wchyl Tuadi l))(

P. SYltii i Ilv it lol rid

Nk, unac Wl1'T Tllttot U(11) H/18

Nietprena WRI Thlaw 11 I Nvommot A (I 1J) (14 :I

V Itoni A-IlV ~ lIMDA I 8tbdtii11Ae (1-1) WO(12

Z eitc lJXtI) -yj~l A (1-1)

G Cjt 111 Allv LAN up 40C4 110

Adliprimic Olcltp Of: Ifr IN

Ad (p wit VI)h u th Saimmk: ii ia I() (3V 1 1/

II year 4102,1 T rIothyl 44W ctelraorlitrm ) 48

Stlartic US'-rta Nut IttIwI - - 103 4 1

FOT Z1i ipoeal utl the~ fo!owlu(i pI'~v3



Footnote$ f(,! Table. A-Sb

Selrle Oft tile spechimleis we~re vnishe~l d i'ng the peziod ?f k:i~ Tsi: IM.H il idICllte I!:tl ONO tIlVt llkulat Ce engAt I ko ii III C

(1) 'I'cirane-iltyl thiu rai-n -- oitosul tide (8b) Coiup0oJI is!it1n0t kI S0,10ted by mnnnifpviti~re
(2) N'peyl'nptilioe(9) -retirAtityl kimiii:n lisuffidci
(3) N y.rIsa-N*n~~l- dsiyci'la iic(1.0) 4, 4'-di zhio dl imoiplolinc.
(4) bWh N-phzenyl-beta-niphuitylarniinc (11) "Trialtyl- ihiourem

'2Y, 4. V-dlimethoxydiphenylarnrinc (12) N -plicay)- alpha- nAphthylainline
2AN, N-dplphcnyl-psra-phemylenedlamlnc (),3) lie arn-l.hylene diarninc ctrhanuai

(5) 40gb dicuiflyl pcroxide, 60 inert (1llur (i)Dbse1ýd plosphhre.

(7.) 5iM. p lkproioity cl ti~~!IIife



TAIIIE Aý 56. (; Slh"ANIC . t'1 IH'l, tll0l, l1.;s (1 W NEM'DE.| kl'I IAC "IN; COWM .JUND'I "A FTE
IIRRAIDIATION AT ROOMI 'IMPi,(A'IJI(E. AN[) AT 2't2 F', AND Ai,' ER 11,lWA At.GINC AT

"T i.me of RIad2it -In ..
Irradiation or Dose, Ir'adiatad at AtT '"Irradiated at 15.31 F Ile tt da ISa ..
Heat Aginm(b}, "rgoll i" (C. "'est d aat Tetsl 3. tile t . .. Tested Lt T'ited at Tested at

xav a209 i--tT Is 13 ) -'O I S8 FHTIfi

"Tensile rot/th 1ai

0 '!30 400 2270 400 2130 ,400
P.3/U O,..0. B. . 1470 ?40d0) -
2-3/4 .*. b--. O" 45 0 (d) -
1t-11/3 ........ 7.C

---. .. .. .3-11.. 2. 1 4"0 Z60 -.-
S-I 3.36 ... S' 4'. 0 1
7 4.2 2,00 Ur, O ..
9-Z/3 5,87 3 1. J 140(d

14 8,4 350 31() -... 0(1
a1 Z2. 6 tiroke itO .........Zn ............ IttU0 .

56 ... 1910 t 2(1

o 2,0 $O 140 71.2O i422 '1,t :240
-,04 ..... 4,' /I0(0)

2 61. 1 1l(0 HtO -,.

I. 36, ... 22:2 2 {( ,)..
7 4, Z00 i t9. ,/•,I, 227 ...... d Irt('0}..

14 0i,4 40 1,1
,ft ........... 2 . .*
5 t, ... -.. ./7

2l4.il,,..uu, IIA,,,r. A

0 u 4, 5'2 440 4t4 4, 4A
1 .1/0 0. h4 .... 4i 08
4... /4 1 , (l.i

51-12/. 7, ........

7 4. (./ ,2 ...6..! ....

14 11,4 7', 74 --

70 ......



'I ln.. of kaia~t Wa
Irr'adiation or 0V.Irradiated at 14Tf Irradiatedt at 158 F Hea 1Itt/jid at 158 Y
He1 Aglrgb) ertys K IC '1'itsld at ;TfutaY,ý vd at T es~ 1 Tsted M ~ t~Ld . T,.iwd a

~aa _____ lF() _BYR' I.- a I' I t, 1..-

P0 Jer Cont Moul1~s s

0 0 NO0 170 400 170 200 170
1-3/8 0,04 ---. 70 ITrnke - -

z.-3/4 1.6t - - 300 Brtoke -

J.1 1/ -- - -

31-1/2 211 4V lroko -- --1,36 11. l1ke --

7 4.2 Zrk Broke r- '- Lik
9-2/A SA7 BrItoke Biroke --

14 8.4 1r okqn aroke .o-.- 240
21 12.6 lBruka Broke - --

-- - -- 210 230
70 ;:* -- 30

(b*) Tlest values fur lthe 1184t-41104 eain,1dee a. jjlas..d W their apjpruximstel vlCatlur Mp to the eanuipiew Irradietorl at I SAt F
bamad imthe tinua Lif Lpootrp till the elevated ttlnipirAttre. The tirto (if I'rridiataiti was comrtu'itod by divhhttin ther
txpteare does by the Ause rate, 2. 42 a 107 orgo M' (G~l htr- , the. r44111111111 (la.X tO Whit 11 thre 011~,10q41 Wrth eapoNIl
at the II wor . tveri Ne ttau" I LAburi tury (iowitivill, YfAclitty.

(l:) Thue samnples Irrtadiated at ttiOtf tokllrutr~b-tLrau t~ri tealtSii At 151 10 Willie I rtesdlAtrid at the Mate riale 'i Peatm% Itcacrtor
Ciattrma Faclity. The radilatiotn dooms were slightly hithorl.a three Olle" 6 oived by the #AntlPl0tyeirmeilatetl At the
Dripukh~avoi, Nwilkmtuat 1.atbrrata ry t Vemtri 11tv il, Kkiwoltll doet'.eo 01a MlTR Word Da, 1.. ' t), 4, A tt, 4 (1 , q 1()9,

(d)~ Four tumtibbells te stedl,



Quvo~noaiaiur Conionomin' ErgoG.1 1"(.) Migaroicwgonai kfei I a

E~thyl metttiaceyiatt L;. at . l ot, 10 Nur.'
too 11. 8 x lob 1 flagrai'1 tiair.

MeSityl acrylAte. 10 4. 7 1 0') AA 1ugg..d~tIuci

90 H4.8i 10 IOU) Inmuluhil (u)40i; soft
Ifo . 6i ai 100, ?ý 1 iiivublai soft

loobutyl iscrylalt. I F. Ni 8 IO 1 Do) I~g rdat ion
" ~IF 4. 7 . 109 N4 lit sulib' nII; riot V3)1)
Fil t.8 III 10 9 100 Inauloiv~; o4ft

1110 4. 7 w lIt Oi . Insiilibli, so,,
Octyl Acrylaite 10 H.8 x Iloll 10 D"N -,iiii~v

I/l it. it K 1to) 7S Il3la tl. il (J), softt
Jtim 4, 7 x 10 ~ 54 Irisuluble, pu~itt

Mail ~~il Hay a!pi iu.a;iya.IU. it x I0ON ~ I )u U Viar tidall

90t. iL w to IU 1J8uaitthlo iii

Vallyl aculatu t0 H41 oi 10 ~ It) I6arAilalitli

13(1 . 'I Q IIII10 l10'lou a, m ia i. (~l
8(( i 1i (1') lo Iiiool, I 60li lo; iiu ((AYI)

1.U 4.ii Iit 8 .1 loll ili 04i. isu0A I hI -

No .,1 K I L , ll EL N.....

IOU H. H . loll hil -o
1)1cI y ,0rI.II it8 w j5oo EitO j . 6411r itia~'ll

Nil It.14 i i ll"t Iot ItI , e o. lll i

A. i y~misri~ltl Ilt 4, 1 . lo' 44 Dtn t14ial 1ilull

1, 4. 6, 1 . 0 III IIi~gauE . ((Ali

9 0 4.,1 1( IOLsu4l~u~sivli loull. (CJ)IFT

1,3iotl lei1)N 10 IF IIIt Imius1i ~ Il0). I ll~i tp oVifllwilil.(i

40 i,8 it 10 1LI01tii)(I, iliill~,ll(u

(b) 4GLT stanids Ill I'himiiii L).h~iiitoii D0r lomTti t ASTM )l ri~l,21.ilar J1051 (
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TARLE k RADIATlON-INDUCEDt DISCOLOMtATIONS IN TRANSPARMET PL.ASTIC ?4ATERIALSO"1 )

_______ kescripliv4 Color Chorties (ox M~iterwa Indicated
A bsjtbtcd Radiation MethylI Mothyl Alpha- ftlectrain 400 blclfacl ?3)80

l)sse. tvres g' metbaftrylates Chioroacrylate hill.P-820Y (Fully Cured) (Fully V.u~revj

Control CuIOIlC.,I Coloriemi Llight-bluo tint Yellow lint Calrurless

1 14 Ctilugfres Lig1ht yallow Llgft-tiluo tint

it x O06 Yellow

I x 10 Coiorail ~ Aiiiiit tinit Lighit -blium tint Yellow tint CoilUrlis,

,j 10' Amu~r tn

b xi 10 Yollow tinit LljglI-himii Oni Ytllow tutlf Vo'liuw I1111

I m 10iI Lighit yoillow tunLight bhm-irrootI4 Ligh~lt yellow Lig~ht yoiklo.

Yvllow

6 WHielow Light: bluoegrami Yellow Yollow

I lt Lighit pillow Ambohr tint vlo

hi x4 10 1Dik yellow Ymlluw Anilmr LOvep yl lii1~W

I JO)l(J Ynllow MI)#~ ~AFIbCr A~
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,1API I' A -GIf. EFL h.:I tIP IkzAbliAl N ON TI 1F MECfH ANIIGAL AND III1 YSIC iiiL l'lOPERTlES OIF NATU RAL.

R011119.!, WMIT SHORE A D)IRONIFTFR HARDNESS OF 70 i) Ho lI AND 400(
1 '5)

lltvý!Ialvd Fafst -Nclutvos Flu-, 6 x 101 11(~s

1114r91aed Thes.rxsi-NcutrusL Flux 1(11ki3 Iivjs

In Icgrar ed Ga rt'rIo Fluix >' 1I 1 . II-1

Total Dot~e ". .x I(9 eigs g-1 (C)

Dusing i rradi aliul Ali
P tI' irfaklialtioi Air

Number of aM&,

Type ait Test ConsI Itradiaited Conitrol (Xc) IcrAdA.Ilted (x1) (Xi POO: ~ ) interpretation

ShoreO A Duwrncter Hamliisel, 70 to~ SO

Btliwgth, pil 6 U~045 2427 -10 1, 26~i Decreas.,

Eluslsa.U..n Pvt cent 5 32 236 -b!i 11, 1 LVev.rcast

Loow-Teinpeaiture 05 F (pp() -bc6 V (I')
Flexibi~lity 2 12 -70 v (p)(C) -70 F (r Ni WISN1j

Lumsprissiltun
Coat, per VIMas 2 4 7I. 0 71.0 -1.0 U 4 . U No "111#114

Gravity I .IN 1 1.10 -- Ni chaaisgr

Iflta~glC.I~iII ,g: I 11.10LI/177 Nu chanlMv

Short: A L~srusrlsver ford.Pie-st 405

5irrangits. psi l~0 Idol 20.'1 112 A 41 No vilosglig

.Elngsliori prcet 11f I, Gf 1315jo( 6 k 64 Nil chango

LoW 'I*PlIpC(AtUrC PG (1 ))(h) -6 F (I')-
Fleribi lity 2 2 -i " (p)(L) -'.'0 F (11) -- 10 * i

Com~prestionf
SCIie, we itl 4 0(1.0 U02.1) -0. Dii' c5;

Sis c a 'l



Numiber ti SampleIs hlesin of Samples
Typt. of Test C',i-tmoI I rr a Idta e- T C-,In,-r-oL t-(Xc) 1flj (X~j) (XI ~

G rav Ity 1 .O1. 01 No JuChaungr

Instantanae1ous/30( sev 1 1 37132 -- No4hI0~

(i)PPrei~vsion at 91% per ceint confidjnei teval
(b) (11) 0 P~assed.
(c) (F) a Failed.
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TADtj; A-6Z. NATURAL RUBlBER FORMULATIONS USILD FOR GRYS7ALLINITY
STUDIES OF S1 RETCHED Ili-ADIATED SPECIIMEN'i A'17 118)

R~ubber Rubber
Laboratory C-om-11paly
Spucirfien Specirnli

Materiia, parts by weighit

Deproto~inized psult ~cruip 100 -
La~ rublitir -- 100
SUM ur 2
Zinc oxide 3
Zinc d~butyhddiacaIl"Xilp't' U. Z

4-mr Jt( ,za~utihaao~~ and p')tmoffijuf

T1'r itiUzailulAM Me, hiiptylautod ellphton-1arnhitio
is..id haptlIdohytiu-snt.tine (sa reoatilon

Cure, mint/F stvatnl turild
il t 'vulcimi-

zar; Lillie
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A -70

TABLE1 A-(4. RECIPE 'S FOR AIJDUGT HU IBE~lfRS TEVSI El
'FOR RADIATION STAPILITY(e.'I)

RW4 X 9 16 RZ4 X 931 RZ-1 X '14-4
Mitte'riaI , pairtm by we~ight

86% uaWt ratkud mothyls Inu vapjItll
aiddIuct kif polybihtadiell, I.'ll 00 - -

taddic t of po Iyhlpttadivb 100. ,
"6"% kitUil'tild )II(ethy

1 IId? iiptalii

i'''ry! onit-c~i4? - I00, (
[JAY BlacktJ~ 50. 0 'o. U .14U. u
I Iydrawtd lik- 1 . 111 1. 0

Ditp 40 C 5~.0 71 4
!P11Vt tax' 0, ~1, -

cu z'u, loild/ V 60/ 300 (0/~Ijo 60/ :"W)
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IAR'.k A -6U. 'I't 1', L): ik -ld *I)4 ION (I N T111: MCl I ?,\NJIC'\ P81 PERU I' OFr ',II i) RJ110F:Th W11Ii I

!wItrm E K 8E j A31) N1.SSLS ()I- (ii 1) 81) ANDl iti("-')

Imeg mi to FaA~t- Ncutr 'rim 1" Xi Ii o 'I c in

iii cgratc; ~1Thcrin - N Ciiirolrt Floix 6 I ot" IO iiv~
initegrated C.aaiiin1 Flox Xi Io 16 Y Gill

Diuring ivadiaition Air
Pi IxIirradi a c ioi Hiid

'I ype iof Testi Cointol lmnidlatld (~oniriii (XC,) krradiattud (X1  (Xi - X(-) P Ptrltail

Siiic A fl*:cc ilrdiums. '10 to 8U

StrengthIl, pit 1. IlJ 1111 140 0I9 1-4 11la

Eiongnatin, perv cwth 8 I 480 412 -68 14 Dourewa

IL-w-'1ompeiAturc
Flexilbility 11, _3-0l F (F)(h) .,It)I * (F) N chiA1114t

set, plt' Cotit l 4 112.8 03. 2 5.7 Do0.7

lb 41. 101 O'1 . h bco

UrAvity 1 1 , No 0 Ni miguM11

l1%tilluIhl"Ahhii/311 iic 1 1 W4 /01 'l/I Nit dwlli8i

Miuit A ~u~i4)iilctr iv(IIariii o, 40,

14w-IA)W ji h Ir~- bii F~~t3 (Il)(C) -5U F (l') No vhlipivi

Plexl[Ality -65 P (F)

1 ii Frtic%14li



TzNum-ci ol*,ruarnlpls Meallof ,74invoGu~trj I~ d~teL ContruI (xc.) Irradiated (XI) ~X (- X) A 0 Ilaerpretaitioni

G ravity 
1. 09 No ciwq

instantancious/30 set" 
6. Am4: No change

Pa Prccig=r at 95 per vent In~weine''2

(b) (F) F ailed.



TABLE A 411, RECIP-iS FO11 1,1T1111E 14116HERS USED I'M TESTS DE-VERMINING TWE EPFIW.T OIF ACRYIA)NITHILE

CONTENT 0N RA13IATION STABI!LITY~'

I ý4041 I'.Ds W-132U IIWI91jI IIW-0322 I 1W -10.3

Matorlml, Piatt by wo1l(at
.lyw~ )1000 X. 88 (50 pot cenit 100
aetyluitinila)

Ilyc~r LOOP. (33( pe: otnt 100

scrylonhitil )

II) olljriia

St ar au- 1. 0. 1, 1),

Sulfur 0 u .3

GPV Olguk (..o n GO. 0 i(8

A~t, Rite Reitn Li 3.0 JA :J 0

No'iut k0n inmc fomiakniini t. aibonth Ma k wterv curcd for 112t Iiiuuv M 4a ( mo F thu$, sv wi Oioit fIll cr werf Cma4 IU Isl intt.
mt AtIf) F
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A-82

TABLE A-69. RECIPES FOR NIrRILE RUBBERS USEiD FOR TESTS
DI.TERMINING THE EFFECT OF CARBON BLACK
ON RADIATION RESISTANCE( 1 2 7)

Hanford S amI _•D. ignation

Matiiriah, part. by weight
Hyvar 1002 11)(1 0 100, 0 100. 0 100. 0 10o 0

Zinc oyido 5.0 5.0 5.0 S. 0 s, 0

TM T11) J. 5 3.5 3, ' 1. 5 J, 5

Stouric acid 1,O 1.0 1.0 1.0 1.0

VEY11 B4a4k 5. 0 1 5.0 00, 0 60. 0 80. 0

Notw All 411*1'mouml) vtucd JO jliiutosi m t at10 F,
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A -87

TAIIIY A-73.~ EFt I:(:1Th OF IH1AIAD TLUN ON TIHEL MEC!IAN IC.AL A NI [OIS(A UUPR FS%
HUIN A - N R110HIIERS W Ii Ii I I M ttE A 1)1 F M El'IA1 IIAJ~ ~ flý w- to 83 ANT) 40 11

IntegrAted Fast- Neutrrn Fl1ux 6 10114 it cin-
2

ItitegrAted Themiat-Neoiwou Flmx 6 x 103 uv, ,'
Initegrated Gamnma Flux !,x t016 ý. cin

E~nvironment
Owuirng Irradiationn Att

P~iI~rad1Aion ie1

Namber of Saqmrles Meati of Smilpyl.s;
Type of TA'est Cotriol Irradiated Conuol (xC) kxridiated (XI) (XI XC) *P(s) aexrpelia1Lon

Shore A Duromeztt Hardness, '70 to 801

Tensile
strengtia, psit 2340 V.73J2 33* 111'1eem

Elongation. per VealI~ 5 8 3110 0.18 -561 A 21) DeurCAIz

Low-Temperature
Flexibil~y 4 4 _.3I V~ (F)(b) *.iO F (F~) -No canget

Sret, PLv? virm 2l 511.0 00.0 -0 A. cmi

Trb 1n 8 8¶4)0 li II Ni .liu

LUrevlty I I I. 240 1,1111 N ~lbI~

&~hule A Uu'nlortot lasi!nis _0

klunmaunll. p1(1 veiII 0 4 1 i 4(31; 21 I) iI'.I4*5

LW W- 1fill f 17,11hit 4 (1 '1fi F (I)() -46 Iý (P) -*No cliangin.
flexcibility -50t 1' F) -50 1* (F) *

sct. per cent 2 4 491.6 491.0 U1. b 0.1 Nr' clixige~

Tua4r surA115111,

lb tn. W 41 131". -12 L10) N(. Clialig



A - 88

Nube of -- men iof Si t___

T1ype (if Teqt ControlI Inathawd connwl' (X0) Iladlated (XI) (x I -xc:) 1,01~) lilt orpre tatloll,

(fa) 1t)U/1 re ~ 0 --- , -Iui

()(P) n% .



A - 89)

A1 0I)L, A-'ý4. COMPARISON Of' MECHANICAL PROl :.RTIýýS OF NTRILF RIj BF-It. PACKING COMPOt'N1)W AFTFI

11111ADATION Al' ROOM I'EM1'KIATMJ41,; ANI) AT' is8H F, ANO) AFTF3R IIEA' AG;ING AT' I'StP'(1 1

Ir radiated

1l iad ~tion or 1;vuc, Irradwtnde. atRT IrivAdlAtor at 158 P ot da I '

float Agillg(bl, fa'rsvI ((op T.&dat Ieea Tee at wrq av -td" a t TSI..t4 at
Iay o-39 R T 1511 Vic) RT 158k F w' 158 F

0 0 2040 9.30 2040 530 Z04013
113/0 0,04 1-- 970 630(d) -

4-J/4 1.68 1-- 450 5%od

~. I 1060 610 -- 
-5../z 11,26 1310 4 30 (d) -

74.2 144 - -"11
9-2/3 5.61.1 Mu -- "1310 )
14 8.4 1330 450( - *** 630
21 B~6froks 450 ----

25 .- ---- 00-
56 - -- -I fl6.jU

711 ---- .- - -- 050 -

0 0 Soo 280 is0 So90 S00 290
1-3/0 0,54 ). -. 50 a 6 0 (d3 -

k-/ 30 w5- QL 9 (d) -

i..l/3-- -;0

3-1/11 463 IOU50- ' --

6-1J.336 ;. 3U 10(lj - -

7 4.2 ;;0 ;Q - .-

YA)5.87 - Ijil I; 0 (d) -.

34 114 go "0 --- - 40
21 14.6 UAs J - --

56 --- -- -29U 1100

Hardn~ea, Me1r. A

0 0 is 45 40 43 46 48

3-J/S 11,84 66 53

3. 3/2 2.1 S7 4z- . --

5-1/2 3,16- - 60 60 -

7 4z 048 0 -. --

9-1/3 3,7--19 h-

10 -- *'



A -9~)0

'I .AWX A -A-. (Cllwd

kic-lmat ILwglin g P-1- (c 1rcAutod At 'Tvlp, ~ ~i at Tvac( kt~(~it~ To st11 m Troo a

clay. 1, 10 o- 11 1511 F(ý ) T 119 F RT 1 11 F

0 0 300 310 JlA) 310 300 3 1
1. 3/8 0, A4 -- ..- 630 --

2-./8 1- 69 ?110 13oke *-

I- ~ ~ 2,I03U 3 lroke -- -

.3.6 A- --- k Broke.
7 4.1Z .1iko( Bro~ke W-- .

,,235, 87 - B-okv D A-rOka
14 a,4 A rulke l..cp.-- 470

21'. 1 1ý6proke n ruke . - --

541-- 78CT
70 --- -- -1030 Broke

(b) Us L V14
1
1468 for the 11-11t-iA04~ 0.01pljVA .41 c lil-o.ed III tk~l' *p'-rominlit"~ rc1411i1o14(i 14114 .ip to thi wa plt ar14i1laici .4t oi k'

baxed un the lli,iv of *hjboaurs 1:) 010 f1evatfd fecIppIvatus'.4j. 'I'l" tirc@ie of ýrrmdhatlull was. compkitId by aI~ q1'llnm 111
*14(IMMPL 41#11061 by 0i0 1104. rate 2, S. ý. mI0) org it (C)1 hr . ia. radiation flax4 to wh.1,1. All, oaiti(41v Wi. .P, ui.pImad A%

(I I T16 Ii. SMIijclee l-',Atls~tOcl At r00411 t win pperi~wru, andI tritaed mi 1 50 Y' wtcj JIp rlulaltc lc. ot Atoi I'.gtcriAls Tuailiti I~tiodor
l.,.ytt1lI0 .~ V ilitl, 140. AdWIa. J lb,,do.. wit. Illmltilly high.v thaiat Iluces', i-et:..(VAAI :,y .11" e$jtinpjsAe. kC iti I~ the,
LiksoI.J,.v.ii Natlu... w, "aImjce4siry CO&titim,, v,, litle,. kaj,...itti liiisli. cl writ wako u, x1 10 i,~ 4. 4 x IUO', C. ~At 101,



TAPLE4 A. Vi. COMPARISON O)F Mr~tAIAANK:Al, PROIRT!ECi OF Nil11014; ILUjil-i,R~IL-
SE~ALING Lu. .. ~ -EI1NEJA ST'OC16 AI'rýa I .1J)IAi'IUN AtI ~.TEMI'ERATUR{& AND AT ISS Y, AND AFTNR HE1AT AOING AT iSAi F

-. raidiated

IraiwlIj rratdiated~a. _RT 11a,two at 1q 8 F It~ ld. 511ikt A11,ngNl ergo Ti.stsd At t Tfcd..A t 0q(1 a t T~ested at Teste(d ir Tooted atl_days __- RC __ LT I a 1,.i F(llT I., 1.' a P i

4,*i str.~nac, j,NlM

2.4'',: 1.66. Z- (1- 4'0 14900.3-1/2 2. 1 Z490 16001* 
--5- Ila 3.48 z 1440 .-7 ~ 4 41 24LO 1Y, !). - -9-4/i S1 67 

-- -- P ~ 1b14 4.4 M U5 I'l1. ---
00- .- 

.- 14801

90 ,- *- --

114) - *. ~ -- 2280

Cl 0 460 310( 60 #1 46(1jC1-3/6 U. 14 J2 32
A-3/4 J.1*-iut)il--

7 .1.2 1 U'L .- .-

I I64, 't I I D o w

Y 1 ,10 -- 
*2

* 1.-.#1

S /A I.3 4u- ( il.-

14 #94 4 --

Ito 
110*-Il --

2 5 - - - .- - - 6 .A

910 ..- 
17..- .



A -9.2

Timo of Radimttojii
Irradiation or DOOP, 1r;radiate~d at RT Irradia~ed at 9!'S F float Aged at 158 F
livat Ag~ng(b), ozgsG* 1'(.') Testeda at Tootetd at ZTooted at Tooted at Tootod at Tooted at

clays 10t-9  
AT 18 14C) 9T ISO P~ R T ISO F

Fle r Cont Moduilus, psi

0 0 1140 660 840 660 9340 )
1-3/0 0.14 - .1370 1190

2-1 .699 15Z 1-92 4v0k.
3-9/2 2, !Z( Broke- -----

S. 3. 3.6 H- - rol Broke -

7 4, Z Btroke Broke .-

Q- 110 roke arrake
14 8.4 Bwl',.0 broke --- -

20 1-- -- 440(-)
21 2. 6 broke 1S&oke -

2S- . - -9.0-
990 -- 0 --

(4) Ilycar 9099.
(b) Test vsu9uot fi r Lb-. hdal-aftw.1 ISLr arc p9&c.c;iý i, koer mprmxrnaitdt atoltloiihip to the. earrplss irradlated at

Itosb k aked on ia ti* me of exposure to the eLeVatedl 'r~~hvt'i ho time. a( Ieradiatloa was cuwJmotl~td by dividing
the oxpiudu4, duam. uy the clam. rate, 2.id x AV0 emg& g9 if') ).r'l, the radlatloni dIlu to whivl, the sampl~iem were
expass-4 at the 8ruukttsvon Na&kinai LAburaittry Gamma, ýacilkty.

(L:) Ti0. oampli- 1'csctlated cat ruooa topmy'smratsres LAii tooted at I'M 11' w~'.r" Ivradisted at this %atorlsko Tvof4jao ituaLtos'
ttalihIS raviiity. iTho iadixt~ioi doses *vr i'i ilg 9

'tly highyr then.s thse. received by fhis eamiplo.. irtrAdimted at thes
brajokhaveun Natiopisi L~byirotccy Gaisirna 14atility. t~oostrm dooss at MTR woes OP, 2,.~ 'c n 9 

1). 4. a 109,
1.9m1 10 Acvid1 I3 x 9020 prig a"(C).

(d) Wmnci' 't"',himlls I~tooto.
s0) VUt. dumbbells t~ated.



AIXON AT' RDO:)M TEMPERATURE~ AN"D AT 158 F, AND AF1iEiR HE0AT AGING AT 158 rF
1 

51))

T11-no o~f
Irdainor tug,1vradtiatect aý WT Jrpdiated at 158 F2 fleat Ajpd ýt ISO F

Hong Agingilb), o r g a I (C) Tasted at Ti:ML-.d at Tv~te* d att~ %t T.,eed at Tomfect at
10-9 ~ RT 10 58 kO" I T 158 F ~ RT 151* F

Tensile Strength,~ pal

II2Z40 Z0 240 1510 21.40 1510
1-3/fl .84 - 1510 1690 -

-341.68 -- 4580*30-
J- 11" 1. 1 240 640 --- -

5-1/2 ).36 --- . 2150 1530 - -

7 4.2 Zb* 9;10 -- - - -

9-2/3 4.67 - 2340 1780 --

14 0.4 26z0 1;4"0 --- -

20 *. -- - -- 750
21 12.6 5 roke 174.0 -----

90- - .- 1040
110 --- -- -2640 -

0 0 200 150 1 W) 19 0 101) 1110
1.3/$ 0.54 -~150 110 -

2-/41.60 .- 140 *0"V

'I ~ Z' 4.t 1 71--

14 014 go to-.---

Al ;2,6 Dra.ke *0---
45' .10 - -l

90 ID-- -5

Hardnoom, 81,uie A

-U.U054 IS 7t -
1-1/4 1.65 - 1
3-1/2 2, ' I--. .

7 *.2 44 --

14 01,4 S'6w



T AP 1, F: A - If t Uwt.i ",'41 cl

Time0 of o
Irradliation or D2ole lrrad*,Ltwd at AR.L irra~diated at 158 F. lireat Ageddtit,153
H-eat Aying(b), cria g- (C,) P'*tead .t- -Te-ug iAu It ez-id -to Lt'te at Tustat at TV Izo,, at

davp x ADG"9  
R T 158 Or() iRT 15 F Al, I- F

Fo Con Modlulta

0 A) Droko Eirokc Broke D I 0i'm Broke Broko
J..(80.84 . -Broke Brnk. --

tl.1,81roke 13roko- -

.,ý A 1,k. -- k. Brk

7 .1.2 IUýUkc Brokte --

9-2/3 5. 87 -.- t,'kT. Broke -

14 . 4 1% uAka 13 ruka*-.-

'A ~14.b b woka 1I'l4 -k - *.

90 -- - - . -

(a) Aiy..aa 1044 :A3AtAUOA. 85:1$.7.
jb) Toot value& iur the howat-agd sampla. arm ,4c L~-in lthi Iapli.JA.MiliCOitc rotiiunobip to ltha aelipica 1cradltetd f?

15S Ft baaud onA the time o( expoeure tv tOm v.'wvmtv,1 t-mpt-mtturc. Thuti A.,,. vf iA radiautin we.v - unsputod by dividins
Oto e *oaure dome by the. dua.. roe., 4. 52 % ID'

4 
org g' (C) )ic'), Lho rodeiallon ilum U. whik ht 1the Nmasupm worm

ompoood at, the. ttronkdiava. Nallunal L'Aburbitcty (ýitumua k~i 1ilty.

jc) The mauples Irradiateai At roomie tamtpo&alluc'0 and tooted ci Ai )a e-u WomIrradiatod At: tht Mato).I. ýa T~eaIIlmIU toiacAU
Gamima VacAilty. The. radication duss. we... sli8Acty higher Uteri thomoa reveived by thei samplam iv~ra'Id.tI, hci thce
Brouckhayac. Ihltionoilac.eaci Uammii *'AtiitW'. )XcJototir duovst cat MTA4 w. re 0, 9. . 109, 4,4 m AU19,

5.9 x 109, ~i AJIJ1.1 1 0 1t 01agd 4* . (c),



A .'i

1AflLE A- /;, CO1,'r1ARISON OF MFCI IA ANI(At. 'J-101' rL -CES OF NIT I' i V LP !L'L1. \ I I 4Y 1.1 I.
UllADDE'R It . AFTER EI 0L lIILAIA'1)l'1 N AI I(OLM " VU I't1!E AN; Al'
116 F, AND AIF'I01, IF A T AGING A' I" A p

.aciiatiol "-,s II. r Zr..diAV.c..l t .lI Irradiatod a t 158 IF _a -t.t_! j. .t 158 '

Hoat A,•llt, *,g'.4 g-I (C) T.'amed ;,t a IeFtei 0t te toT at reaitdI tt Tm d t Tesated At

days , ') II L5eF(C) 1T 15 v KT Iw

T ,silo Sit"t th, p l

0 2270 1490 I.Z70 1490 I270 1490
I-3/8 0.84 ..... 2310 1O10 ..
2-3/4 1.68 . . 2290 1550 ....

3 - 1 1 Z Z. 1 2 3 )0 W4o.0 . .o... ..
5-1/2 3.3 6 ..-- 2-50 1470 ....
7 4.2 2250 1750 .....

9-2/3 5.07 - -?I~ --
Idu. 170 1630 - . --

,o0 ............... 1420
21 !2.6 roka 1660 ........

29 .- - .- - -. Z310 -

......... 400

0 .. ... ,00 42U6 3--
1-3/8 0,84 .... .00 300.O ..

2-3/4 1.16 .. 2 200 .....
3.. / . 1 170 ilk3 9... ;.. ....

7 4., 140 90 .......

9-,11/3 5.6 -.. ,0 -6( 0..
14 0.4 40 90..........

20 1*.- vkv ---- 212,........... -- -..
Ai -- - - -- -il1

0 U69 - I 6%6% 6s
13/h .0.4 1,6 hI'.66.-.-.
A-1/4 1,6 -- .. 7o 70 .....

3- 1/,2 ,L I 7.• 10 ........ 1
3.36*. -7,1 --

7 ~~~~4.2 943h -- .-
•/-.07 /a , •' .. l NS ..

4 f, 4 90 91 .........

20......... "i- .- -

23 12 ......... . . --



h 'at hZith. o~. 1) v Ii r- ajý '1 IT Ir'rad1iated t Ifi F, Vwa .. p~ a g'~t ~.
It-it AjgirsgOu). .4P A' I () Trmted at T ( :t v El a, e t ,1 t T'~t, to d at atfr ,i SjI' d a

,1'r0 pf r Cen modulom I) fv

o~~a4 -- ~ 1490'18 ~-

/Z,3.5 -s Al -- 3uke Di rukv

7 4. .4 IE.-,ke RIo] -il it .

14 1. 4 1A'A'. h r ake

Z. , I.) r~k.. Ihukill ----

110 14P ** -- *10 -

(a)I~~a learIU43i V YN Y; I I Yc I I 4I, 14111! 1): 14.

B r',.uktiftvolt NotoiaI ,I I -it ho rm.u f is r Y ism A Val.. ility. L'A1.u ou I' " du mo A t4 ?NITIA w-, rs, 1), '4, 1 I U"', 4. 4 .,10" I.. 1 0 0



TARLE A-78, .,)I~l4rH 3-4i 1;. k CCNT .l] ~XLOUNflS IRRADIATED

.9,0 'V1 of x. .3 101 Voscn Reqtdred for
I., I ; - (Lj,. 5C, Per CoriI Set,

Compourid Antirsid Medium doys per vent per ovilt Orgp 8 - (C) 1.0'9

Hyear pAnhln8 None Air 40 .30. 0 91.8 0.44
cowipound Akroflem C Air 47 18.4 87.0 0.01

Qu~inhydtor' Ali 4q 20.8 82.0 0.06
Ngorl Hydraulic fluid Il14.0 U92.0 0. Cl0
Akraf]Dg C Hydraulic fluid 71.1 14.7 80.7 0.48
Quuinhy~Iroan f1VJrAulLo fluid '3 .14.3 7.2.7 1.00

Fuel -coll-l1 nsr None Ar41 12,.4 89.6 0.110
stock Akroflax C Air 41 Il. 4 72.8 1. Ow

(julabydrwmu Air 44 .8. 0081) I 1.87
Nolte IlydrAullo fluid 11. 11. () av. 0 0,81
A~wfluix C Hydraulic fluid 14 10.3 79.,a 1,871
ljulathydronn Hlydraulto fulud as 15.7 UL. 0 1.00ý

Naida iubb.,- None Air 411 vy. 4 02. aI D. 713
VIUylits Altrqiuem C Ali 491 W12 aI 12.11 1.31
ol.4dde stock Withlydrutim Ali 40 31,0 P3. 9 1.011

Nwia hIydrau~a fuid 78 P1. 6 O 0.714
Akrolax c~ Hydtawulf flud so P~.11 316.4 1.12v3
Ijulahydvons Hyitraullu fluld . 7 27.3 30.7 1.M22

NDR~-SOiR lulie None Air 47 Au 2 MCI. 0 1.10
lo Aktaflax c I tý4t 1.2.0 77. 0 1. AI.!

(juinbydrone Air 4'l 4lu. P '14,n 1, I

None Ifyditulic fluid .1, U 8j, 3s o.I
Akroflrx il 1 IyhJrauI fic d 7C ~ 12.3 70., 1 1107'
Qidub~ydrunc ilydIrutichlle lI 71 yi. 1 '1!. V. 1.,4!,



TABLE A-'79. 0kP1'L'TOP RADIATIOIN ON COMI'RSSION SEd U) NITRJLF I:U~ts

Maiteril tcdtuji0 1' orjg& 83 Iu %C (V ou. 40L MiLV) per coilIt

bl~~~Cupresvi 050 huim Nhdru

M11Iffadialluti

(4) 'I libIll APIA Ivl' ialoturld 4 U111 Plloo .lol

(h) .~I~pr ~ $V~td lVI ar 3k-1tVlJ IIIat"'hliliie: W1, f Mi 's~. NI 3 IC4.-:4r, wili 111, 11101al~e 111j, 61,011vli ujl wov ul Rubklou *IIJ i tsI
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RI 'lll1ERA WlITH MOR~i~E A DU( ROMETtR H ARoN ESSN: CI 70 11 ) W't AMf 10" II5

lnacytme ~I 1 trr i-N~~o -'xdxi013 tivi
lintegraIwI (;aIlnla r 11 , 1 b

bu~ti~j~1?TJ~l a iouAir

PoI~ralauof rut I

Type~ of Tits( Conrolc Itfadfated C.oil Xo I (X C) Itgadliaed (XI) (X1 - xc P(11 inuwrprec:tuon

Sheq'r A L~uvtnmuttez H-uudreb iplul w ic.

~laciigu~l. Psi L 2149 21.4 -35 a 136 No cvonge

E101tiittion, pitz ccuu ( f. '26. 2611 3 A 1 No C(I1Aulgt

Laow-'1ernperpt'luir *3011I (1h) -:10 1)(1) 140 Os~age(
Ilext~bIi~ty SI

per o~st 2i 4 1u. 5 211 . ,1 Nil 411011rC

lb Iiw. "I b hI '201 t~l I'' I Dttl

bproficA UI.AVIty 1 1 1.,40 1.48 His 011111p

iialstontlwow/31 lot: I 1 05/01 (16/84 No i'iiur'

ShIuts A Lniruuumatot llafavicmm 401

SU411116, Jill 0 M84 110 *JT1 1 '2401 ;-Rf 011grii

91011880011. Ptpet itn 8 a 414 410 .14 A '10 No cai

LaW-Temupatntuxe -30 P (110i) -3(1 P (1)
F'lexibllity 2 14 -35 P (p) *36 P (1') NU tltaiige

pmr re~nt 1) 4 64.0 010-3.0 63.0 No h lanp~

Tsiw Suerirgih,

1b in. -1 Cu 6 16.0 *6 k 21 Nu di~a01(

Gfv~C r'/!t) I ', 1!Ii NO dL4118C

I Iardl I C4.
fitflll ~lt o fh I Si.P.1 i ICC 1 1 '13/36 460/41 No i ha I ge

( 11 ' iCOL~I~ii At 116 per ''ut l.ollfiduahcc interval,
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.- V" 4% j Q~w f eu- t 'ieitad at isted1 at T660~d at
dS x AV r ý1 1-01 1 bi4 Jk RIV 158 F

200 Per Ceont m.uduflut~p

ou070 490 5470 490 810 491)
-/40. H4 ?W 10 A 7

3 1 50o(r .

.4-I/S- - --- 9146 V,

1-11/4 9. '40 9440-
3. 96 - -- 960 4(

7- 1/2 4,2 a Broke 14.4,, -

10.. I/4 5.6" .- iUao 8 0- BV1
L4 - -- .10514 6,l

zz z12,!: Blioko. 1l.k. --.

LI* - -. 101417114
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170 -- 14W It
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11J 0, C' Aaaa, '-ft the qlim 1Y rmp :Ivira to tlý. A xx, tillko xi' W441txx 4~ ~ xxa y xJividxxx
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TAlisLI, A -HA;. NILASTQMER CH-ANGEC IN P,ts, o*,
9 0 M EGAR APS(a)( 14 2)

High plhcvayI ,lijcon(bl)1.

Natura) rubber(C) -12

flnkkladu UUI)UtyiLbxlv-lu~prOekU - .2. 8

Iwuuy'trzato urothane -30

Ac ryluirtitrila - aityrant) -36

Polyvitkyl chloride, .44

1-,*tkylmle,-50

butadtuwao aerylonittrilfl -55

LS-533 MIll(:tflku -7"

NtIEojJ11111 -78

Muthytviiiy) inli-lluua -80 (

Nstitral tuL1 Lvr .. z

VillyioluIiit I~olltat I'II 'hv~xaflukupl-ji 24ujyoi lo vae -84

b~iiatjluyl rliiicunoe -90

(a) 9x10~ vrg& g-1 A.1sorhcd dii.w
(bi) No amjitrd atditi Yin iii qlllr w,pu binn Il~t~)iL.
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TATILF. A -0t3, GAMOMA H~ADIATlON-INDUC1LD UIIANGFES IN S3ILAGONE ELA5,TOMER1S
WITli VALRYING FILL~ER LOADINGS AND 10'osMlIuES (100)

P rupo rti.o" Afte.,r klxposuru

tu x 101 is"1uc4Itgontih

I 1I~ iM~i Tir~lv ~~si~~~iu 1it~rdness , 1Tojijiie , L1oai11ýtion,

maovllisSure A pi~i 11/ Shore A pail

K.- I10461L 64HY 90 93 1 U35 30
K.- 10471C It -3 76 8130 20 96 1152
K- 10481 79 875 zil 97 1150

IAU.t~tu&Vb SUA'iUiM

X.- IU4 7 I 1-3-5 64 965 4 0 9 (4 9d0 40
K- IU,# .R 13-6 0I' 940 31ý94 1lb40
K- I AM7 13- Z 66 / sS94 98j5



IAHLE A-6 1 j F'l P. OGAMM MA KA IA Ti 1N ON [1111' MHAf;i~ INO :It.'A PRflPER" 116 AT rIUOOOEIAd 1iu Oht;( I iI

F. (C) RHltgenti li aidiwwi Llcntiwio ._1Wri~gII
Materia~l W U-0 x 10, sfýi;;.w A 1' . >i \ .~i 'iI'h

iIWAojEIagRIT01ius

Vilon A-12 0 (1 5f361` 1245 Tall
8f.7 100 44.11 -86. .1 f(10 Very slightlIy Tacky,

bruku Wiwill boo?~ 110*

Viron A4-3 u 0 U; 240) M1o Black
U,.7 100 31..8 6~ HJi. 4 V'ýj 1 46.iCIiy (AI,..

broh: Wti~ilv,i 60111180

Vitoo A-14 4) 0) 15 '4(0 19,6 Black
R*7 100 V* -84.0L -to, 4 Wery tt~tgllt tacky,

bicke wvIoiji bent 1(30"

Vilmli A-13' 0 04 200 172U UtAwt
"I.' IJU b .&J, 0 0~l 'V'i)z si)igty iacky,

Wokew whai~i boatIu'

Vitun A-1t3 6)0 (7 Boo1 1266~ Mac4k

0.? 0f10 V6. u go3. LI JO,.4 SHihtly tat(~y 11Y 4ok

Vitioj A- I'l 0 Gil IWO 211 UIS(:I
Ii, 7 (1ff .'L~t (3.1 3f Il1L tImky, ltmpe.

wtu: it Lumi 11(0'

0.7 0U 8119'0,1 f) I 1fily 11104y, briku

I auto 01.

IM1IL~r 11A- I OHI 2hl 11(21 filAck
0.44 u A 4)

1. Y 'A0 o7.4J- Ii -Ar). 1

4. H MU( ~ 14.7 41f pf U 31). f. u' ~"it~l11

Ikxokiu dA-2 I) 0 1( 0 14(1;U Ilia"
0.,44 11 U, 4. - -11.2
1.I 2'! 'I'-82 WI' A

d.-r4.:, -3-5.2

6JLI21 ' -'JO. 3 -43. '1 lHrolt wfwi'' hint 1HO
44 "'J2. ti-0. -04 -. 1 ljr')ku W~uhen b ill it.1)



TABLE A-%Th. RUWXPESVRE~FJRiATMFR 112'STED~ FOR
RA.DI.ATION' 5TABYL1TY( 1'7)

_____ A. 1 A. 14 A-~ I
Material, parts by weig~ht

V3 Luo A IWO, 100 1)100,0 100.0
Zinc Oxide 10,A) 10. 010. 0 10. 0
Dyphnm 10,0 110.0( 10.0 10.0u

Th,&mx-- ý() () 40.0 60,0
IlMDA-Chirbiaznato 1.0 1.0 1,0 1,0

vilollvitollVitull
A- 16 A - 17 A- 18

%Vioti A 100,040 100u, () I U V, )00
wi~liiMiitiu 601 Mg() Ili, 00 1, (4 0 1 S 00

T1101 (14yOt ). 00ek, 1)4u WO

Ad .i I v 100,01 -

810?' 131-tck S 'i U S
V* ILtL- & al V Z0, 0 Z0U,



JAIllI fi A-,`36. El :T 01, RADIATION,, ON i7YAI-3)-M~~ !1IN

Ab surbed sc insi'n s'Per-M. u
Xpi- JJ - 31,pu e. Wu,-k N-clri rmi a Total Nuinbo of

D , (O.V g-* I (d M Vb) F nd H Bmnnýs Bonds Chain Scbi siouti
gI- (c) x l0-20) x 10 - x N- 5 33rcliý Droken Biroken Per Giant x 10- 17

0 0 1. 90 2. 10, -

I1. I x 1of, 0. 7(C) 1.6 (a .04 0. 12 0.02 0. 14 4.4
2. 1 x 108 1. W() 1. 53 1. 98 0. 20 0.04 0. 2.4 7.8
4.4 Z 108 2, (-,() 1. 4z 1.94 0. 30 0.04 0. 34 10.8

9.10 1 0 . 7e(c- 1. 30 1.75 0. 38 Q, Ia 06 . 4t- 14. 7
I. I x 109 7, Z~ 1. ?0 1.65 0). 39 0. 19 0. 58 18.6
1.x 10 S. oC 1.18s 1. S8 0. 4v 0.21 0. 1 19.5
0 0 Z. 60 Z. 90 -- -- -- --

2. 6 x 108 1.60d) Z. 15 ?2.7 6 0,2a2 0.00 0. zz 4.8
4.0 x I ) Z ý(d) 1.9s 2.65 0. 30 0.03 0-31 1.8
ý. 6 x 108 J. s M 1.88 Z. 53 0. 34 (0.04 0. 38 8.9
7. 7 x 108 4, 8 Wd) 1.60 2,40 0. ?7 0. a5 0.62 14.1)
9. 6 108 6. D N. 1. -S0 ?. 43 0. 38 0. 35 0. 7 3 17. 1
1, 5 s 41 9.' :ji~l 1. 44 20 1 0.40 0.40 0. 80 lb. 7
J. 6 109 (). 9 (C) 1. 1 15 -.1s) 0,40 0. 4uJ 0.68 is.8b

2.6 1 iU9 13. 7((:) 1. 1. z 1.50 0.40 O, 98 1. 62 3U. 8

.8K10') 14. .H1 II I. 16 1 . H Z 0.411 0.84 1. 44 48, 9)
-I.. x iul.' II ~ 1 00 1. !13 01.40 1. Zu 1,60J 37. 3

11,1 E. v tm,41wi rhiMl lu aii t.mi ii Al . Kw y I (L r't i' 1.

M 6,11tall. b.

wolt'Li 0,t

C arbigi mmioixitP 1. V

4 *Ix itYii* (). 11:

Callmitl ioL Jil!1. I

h5propyl bli~zimt 0i.0")L

Atpha hlvtii., y'LMI 1v

-rihtidi..d rvitailuhity i J pci -nt
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TAB LE' A- R,'. (TOMPA'R1SNF T FILE. S'i'RENCY!' O1 FI13 D VR1• S

.Xdditive(a), EBxosure Dcs cr - )
weight par cent .x4.20x 18 .8, 39 x 10-" 1.78 x 10 9

Poly o1ir A

0.98 0.84 0o. 6

1. ON -- 0.86 0.85 0.67
0.5P 0.96 0.91 0. 85 0.82
1.OP 0.93 I.CI -- 0.90
1.00 -- 0.89 0.88 0,77
LOS 1.08 0.99 0.81 0.81

,, ox 1.03 1100 1.17 0.94
1.OT 0.98 1.831 0.69 0.77
1.OU 0.993 0.94 0.84 0.79
1. OV 0.9?. 0.88 0.63 0.67
0.5W -- 1.09 0.94 0.86
1.0W 0.95 0 90 0.79 0.70
5.0W 1.03 0.89 u.b4 0.81
I.X -- M0.98 0.87 0.83
1, OY 0.94 1.79 0. 00 0.76

1 . 03 1.0 U, 88 0, 7?

1.0M -- 0.98 -- 0.76
1. ON 1. 0z 1.06 0. 9z 0.91
0. SP 0.88 a0.91 0.91 0.83
1.0P -- 1.Ou 0.91 0.90
5.01, -- . Z -- 0.16
U. 5U 1.08 1.05 1.04 0.96
1.0 1. 20 0.77 n. 70 0.73
1.0 - 1.06 -- o.A0
1, (S 1. 05 0.93 0.94 0.80

zo. u8 -- 0.5 ?, 0. 37
1.OT 1.08 0.76 0.73 0.71
1. OU 1.08 1.04 0.83 0.91
0. 5V -- 1. fz. 93 0.86
1.0V i. C) 1. 10 (1.98 0AS
5.0v 1.18 1 ZO .12 1.06
1.0W 1.06 -.. 0.91
I.oW -- 1, 17 1. 14 1,08
1,OX 1.11 1.09 0.99 . 89
I. uY 1.Ir 1.09 0.94 0.88
1,0z -- G.95 -- 0. 87

(a) Svc T 'a bi A -:•1 6 r addt I d,
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200 -

190

LO~

0

.2 150-"0 Rod iot ion- resistant
0

. i40 polymer series

S130-
o/

0120/
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C7, 100 /
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-0 IS0-/
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hIo
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0 -
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o
S600

50-

20
10-L. r

6O /
4) 3
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20.
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0 0 OI 0 3 0 .

Electron Fraction Aliphotic A-32't75

FIGURE B- 29. SILOXAN.E POLYMERS IN THE SIMULTANEOUS
ENViR.ONMENT OF Z00 C AND GAMMA
RADIATION (144)

Dose rate: 0. 4 megarad per hour.
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FIGURE 15-30. S1LOXANE POLYMERS IN AN ACCELERATED
ELECTR.ON ENVIRONMENT(144)

Estimated Temperature: 165 C.



APPENDIX C

RADIATION DAMAGE FIGURES FOR ELASTOMERS



c-I

Value Before
Irradiation~psi

Natural rubber 2600

Butyl rubber 1100

Fluorine rubber i
Poly FBA No data available

Nitrile rubber
HycrOR1900 1 140% change

Polyacrylic rubber 2000
Hycor FA

Polychloroprene rubber
Neoprene W 2900

Polysulfide rubber Goo
Thiokol ST 800

Silicone rubber

Silastic 7-170

SE 450 695 1 T 32 % cag

SE 550 775

SES55 634

SE 371 879

SE 750 736 J20'% change

Slymne-butadiene rubber Legend
(GR-S-50) 1700 -

V alue increasing
Value decreasing

x Threshold chrnge
* 25 per cent cnange
a 50 per cent change

I I Ip l it, l i I 111111 I l I II I I1 1 1 11

10 I9 104 9 i0 i0 10" 1012

Dosage,ergs 0((C)

FIGURE C- . RADIATION DOSE REQUIRED FOR THRESHOLD, 25 PER CENT.. AND

50 PER CENT CHANGE IN TENSILE STRENGTH OF ELASTOMERS

Information source: ORNL-1373.
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per ioltaior

p err a muh ~ 4 2 0 [ - . ' -.- K 1 1 1 1  f i ll~m [ I~ I T -1

Nauoro ruhb'ev 420

Huor.inz ru!tbor No dala avqjiluble
Poly w8A

Nirite rubber 250 -I

OR -I OR
Polymryiryic ,'ubl~er 230

How P

t o~IYUNrOiii1iu 450I
mbber-Neo~itili W

'ulybuifide rubber 162
Whokol Ij 77 a"

siIIcjsIIc 7.4to4 Vaulu deceenmin~i
SL 41C) 281 Thra~hold chanpo
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0-5

Value Before
Irradiation,

per cent

Natural rubber 13 4 | A "

Butyl rubber 72

Fluorine rubber
Poly FBA No data available

Nitrile rubber 9.5 -
Hycar OR

Polyacrylic rubber

Hycor PA 5L JIII .35% change

Polychloroprene rubber
Neoprene W

Polysulfide rubber 9 Value inc-easin r

Thiokol ST Value decreasing

Silicone rubber 1.4 Value decreasing

Silastic 7-170

SE 450 No data available
I

SE 550 No data available

I
SE 551 No data available
SE 371 No data alIvailoble

I
SE 750 No data availabIe

Styrene -butad ene rubbnr4 7
(GR-S-50) I; I I . I . I Ill I I 1 1 .1 I I I I I II I - I . .'

IO' IS 9O 1O0 OII 12

10 71 10 9 10 10 10 1 10 1
Dosage,ergs g'- (C)

FICURI, C-5. RADIATION DOSE REQUIRED FOR THRESHOLD, 25 PER CENT, AND
50 PER CENT CHANGE IN COMPRESSION SET OF ELASTOMERS

Information source: ORNL-1373.



Value Before
Irradiation,

per cent
Natural rubber 30 j -, fl ,rM 'T

Butyl rubber 31

Fluorine rubber No data available
Poly FBA i

Nitrile rubber 25
Hycar OR 2

Polyacryliz rubber 36
Hycar PA

Poychloroprn rubber
Neoprene W 31

Polysulfide rubber 26
Thiokol ST

Silicone rubber &
Silostic 7-170

SE 450 No data available

SE 550 No data ovai lable

SE 551 No data available

SE 3. I No data available Legend

SE 750 No data available Value increasing

Value decreasing
Styme-butodi, ruer 28C(.•-s-50)2ej

10 1 I7 10I I0 I0 l l lo ll 10 12

Dosage,ergs g"'(C)

FIGURE C-6. RADIATION DOSE REQUIRED FOR THRESHOLD, 25 PER CENT, AND
50 PER CENT CHANGE IN STRAIN AT 400 POUNDS PER SQUARE

INCH

Information source: ORNL-1373.



&-I

Volue Before
Irradiation,

per cent

Natural rubber 32 F - -

Butyl rubber 35 f ý 0 -- %
I change

Fluorine rubber No mata ovoiloble
Poly FBA

Nitrile rubber
Hycor OR 3

Polyocrylic rubber O0
Mycor PA

Polychloroprene -uber 6 f
Neop. .ne W

Polysulfide rubber
Thiokol ST 3 "

Silicone rubber f Value increa&g
Sdoatic 7-170 No t Value decreeasig

SE 450 data available
I I

SE 550 Nodata available
SEr 551) No' oto ovollob I II I
SE 551 No data availableI I

SE 750 No doto available

Sfytrme-butadiene rubber 5
(GR-S-50) 1 0,i

Dosage, ergs g-'(C)

FIGURE C-7. RADIATION DOSES REQUIRED FOR THRESHOLD, Z5 PER CENT, AND

50 PER CENT CHANGE IN SET AT BREAK OF ELASTOMERS

Inform.ý;-on source: ORNL- 1373.



C

Value Before
IrradiationN o t u r a l f u t b e r 6 0 • TI T 1 1 1l~ i 1' 1 1~ l 1 1 1 1t r 1 1 1p i 1 1 1• 1 ; r e l i

Butyl rubber 66;

Fluorine rubber !Jo data availablePo!y FBA

Nit'iia ruhhAr 72
Hycor OR

Poly~cryllc rubber 62 T
Hycor PA

Ftychlo aOprmn. rubber 78
Neoprene W

Polyaulflde rubber 74I
Thiokol STI

Silicone rubber 59- .
Siaostic 7-170
SE 450 12 T

SE 550 44 i Legenr

SE551 44 T Value increasing
4, Value decreasing

SE 750 541

Styrene-butodlen rubber 62
(GR-S-50) I ], I I I

I') to0 1o' I0 IC" I'z

Dosage, ergs g'(C,)

FIGURE C-8. RADIATION DOSES REQUIRED FOR THRESHOLD CHANGE AND
CHANGES OF 5 AND 10 SHORE A HARDNESS UNITS FOR
ELASTOMERS

Information source: ORNL-1373.



APPENDIX D

RADIATION DAMAGE FIGURES FOR PLASTICS
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